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PREFACE 


“Progress in Cosmic Ray Physics” is intended to provide a 
series of reviews covering, in particular, those aspects of the 
physics of cosmic radiation in which advances of broad signifi¬ 
cance are now being made. 

It is a characteristic of cosmic ray physics that in spite of 
the extensive specialized research of the last five years, the 
separation of the subject into more or less independent topics 
has not gone very far. The main geophysical investigations remain 
among the most fruitful sources in which hitherto unknown 
interactions are identified, while the interpretation of these large 
scale phenomena must essentially depend on a detailed under¬ 
standing of the single nucleon-nucleon encounter. Interrelations 
tietween the various geophysical features are still closer, while 
neither the relevance of the broad conclusions of fundamental 
particle theory to the experimental pursuit of these particles, 
nor the importance to the theorist of a balanced assessment of 
the changing experimental position, need be stressed. Up to date 
surveys of the state of knowledge in the various branches of the 
subject are accordingly likely to be of particular value to active 
workers on specialized problems, and the reviews of this volume, 
which in general give the standpoint of the early months of 1951, 
have this requirement in view. They aim also to cover the much 
wider need of workers in related subjects, particularly in nuclear 
physics and in astrophysics, for information about current trends 
in cosmic ray work. 

It £is not possible, in a single volume of moderate size, to 
survey all the main linos of cosmic ray investigations, and rather 
drastic selection has been necessary. It is hoped, however, to 
cover other subjects in later volumes, where further reports on 
topics in rapid development would also appear. 

I am grateful to the various authors and to the publishers, 
for the very activo co-operation which has made quick publica¬ 


tion possible. 


J. G. WILSON 


Manchester, September 1951 
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INTRODUCTION 


With the development of electron-sensitive emulsions, the field 
of research open to the emulsion. technique has been greatly- 
extended, and it has become possible to apply this method, with 
advantage, to the study of problems which had hitherto been the 
province of the geiger counter and the cloud chamber. 

In particular, the method permits detailed observations on the 
penetrating showers of particles created in energetic nuclear 
encounters, and it is the purpose of this article to describe obser¬ 
vations made in this field. 

Before entering into a detailed discussion of the experimental 
results relating to penetrating showers, we shall outline the types 
of interaction which are believed to occur in the nucleon-nucleon 
encounters. This will be done in the order in which the processes 
are assumed to occur in the nucleus. 

The incident high energy nucleon, which we shall call the primary, 
makes, within a time of the order of 10 -23 sec. (the time of traversal 
Of the nucleus) a series of collisions with the individual nucleons 
of the nucleus; collisions which may either be elastic or radiative. 
In the latter case various types of quanta may be radiated. It is 
generally believed that these are yr-mesons, and possibly heavier 
mesons or nucleon pairs, but that direct creation of photons or 
ju-mesons does not occur. At present very little is known about 
the production of mesons heavier than yr-mesons, and we shall 
therefore limit ourselves to interactions leading to creation of 
yr-mesons only. The radiative processes will be discussed in 
Part I. 

In both elastic and inelastic collisions recoil nucleons will be 
produced which, together with the primary and any mesons 
created, can interact further with the nucleus. In this process 
lower energy nucleons are generated and by further successive 
encounters these distribute part of their energy through the 
nucleus, although they will in general escape from it before losing 
all their kinetic energy. In this way a statistical distribution of 
energy will be attained in a time large compared with the interval 
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between successive nucleon-nucleon encounters. The ensuing 
evaporation process will be described in Part II. 

It will be noted that in this sketch we have assumed, in accor¬ 
dance with contemporary theories, that all the collisions are 
nucleon-nucleon. We assume, in other words, that a nucleon cannot 
interact with an assemblage of nucleons as a whole. This hypo¬ 
thesis appears reasonable in view both of the low binding energy 
of the nucleons,' and of the fact that the wavelength of the incident 
nucleon is small compared with the intemuclear distance and the 
range of nuclear forces. However, the experimental results of 
Perkins [1950], Crussard [1950] and of Sorensen [1949, 1951], 
showing that energetic nuclei of helium, lithium, beryllium and 
boron can be ejected from' an excited nucleus, are inconsistent 
with this simplifying hypothesis. These phenomena will also be 
dealt with in Part II. 

It is an important feature of the processes under consideration 
that very little information can be obtained relating directly to 
the individual collisions. The experimental data on which discussion 
must be based are the descriptions of the final result of the mixed 
meson-nucleon cascade throughout the nucleus. Prom these 
observations one must work backwards in an attempt to determine 
at least some of the properties of the original collisions. 

A large part of the work to be described in the first part of this 
article has been carried out iii this laboratory, and the 1 results 
have been published as a series of papers under the general title of 
“Nuclear Transmutations 'produced by Cosmic Ray Particles of Cheat 
Energy” . These papers will be referred to in the text by thehumber 
of the part in question. 



PART I 


RADIATIVE COLLISIONS 

1. Meson production in nucleon-nucleon collisions 

1.1 Theories 

Any description of the process of meson production in nucleon- 
nucleon collisions involves a number of parameters which are 
common to any theory. Some of these are: 

(a) the collision cross-section per nucleon, which is made up of 
both radiative and elastic scattering cross Section; 

(b) the degree of inelasticity, K, of the collision, i.e. the fraction 
of available energy radiated as mesons; 

(c) the energy and angular distributions of the mesons in the 
centre of mass (C) system. 

All these quantities can presumably vary with the energy of 
the incident nucleon and with the impact parameter for the 
collision. 

The theories relating to the primary collision process may be 
divided into two classos, “plural”, and “multiple”. The “plural” 
theory has been advanced by Heitleh and Janoss.y, [1949, 1950] 
and the multiple theory is exemplified by the work of Wataghin 
[1938, 1946], Lewis, Oppenhetmer, Wouthuysrn [1948], 

Heisenberg [1949] and Fermi [1950, 1951]. The two theories, in 
their extreme forms at least, differ fundamentally in principle. 

Thus in, the plural theory, tho radiation damping effect is 
assumed to be so strong that in the overwhelming majority of cases 
only a single meson can be produced in a single nucleon-nucleon 
collision. The primary loses only a small fraction of its energy in 
the first collision, and provided that the cross-section for collision 
is sufficiently high, a single primary makes several collisions, thus 
producing a shower of mesons in traversing a large nucleus. 

On the other hand, in the multiple theory it is assumed that 
several mesons can bo created in a single collision which is so 
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highly inelastic that the primary has often insufficient energy to 
generate further mesons. Thus in a large nucleus, the final results, 
as seen in the form of a shower of mesons, may not be very different 
according to the two theories. They would, in fact, only predict 
radically different types of shower in hydrogen. 

The total cross-section for nucleon-nucleon collisions at high 
energies is at present unknown, but it is generally assumed to be 
of the order of the geometrical value (^/« 2 nC) 2 . It could be found from 
the observed intensity of showers attributable to pure proton-proton 
collisions in photographic emulsions. However, the technical 
difficulties associated with the observation of this type of collision 
make the result uncertain. 

1. 2 Experimental methods; nomenclature and technique 

The only detailed experimental information at present available 
relating to the properties of high energy collisions is contained in 
the results obtained in photographic emulsions and in cloud 
chambers. The disintegrations produced are called “stars” and we 
classify them according to the following nomenclature, (Brown, 
Camerini, Fowler, Hbitlbr, King and Powell [1949] (I)). The 
tracks emanating from the disintegration are divided into three 
classes, according to their grain density g, as compared with g mln , 
the grain density of a relativistio particle of charge (e): 

(i) “Thin” tracks, g^ < g < 1.4 g^ (shower particles). 

(ii) “Grey” tracks, 1.4 g^<g < 6.8 g^. 

(hi) “Black” tracks, g > 6.8 g mta . 

The limit of 6.8 g^ corresponds to a proton of 26 MeV; most 
of the evaporation protons have kinetic energies below t-.Vn'a value, 
(Part II). The sum of the “grey” and “black” tracks from a star 
is called the number of heavily ionising branches N h , and the 
number of shower particles is designated by n,. A star is therefore 
described by N h + n, followed by a suffix to denote the nature of 
the primary particle, i.e. n, p, or re. Stars with n, > 2 are some¬ 
times called “showers”. 

It should be noted that the “shower particles” as defined above 
correspond both to protons of kinetic energy greater than 600 MeV 
and to re-mesons of kinetic energy greater than 80 MeV; there is no 
evidence of an appreciable admixture of energetic electrons amongst 
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these particles. This definition of a shower particle is different from 
that usually employed by cloud chamber workers; care must be 
taken, therefore, in comparing results obtained by the two tech¬ 
niques. 

Work on stars in electron-sensitive emulsions has usually been 
referred to the star parameters defined above. In the case of less 
sensitive emulsions, such as Ilford C2, the total number of tracks 
observed is only slightly greater than the number of black tracks as 
defined above. 

There are at the moment three methods whereby the energy of a 
fast charged particle may be determined. When the length of the 
traok in the emulsion is sufficiently great, an estimate of energy 
may be made by measurement of its multiple Coulomb scattering 
(Goldsohmdt-Clbrmont [1950]; Fowler [I960]). Alternatively, 
a comparison may be made between the stars observed in emulsions 
exposed at different geomagnetic latitudes. At 31° N, for example, 
the protons in the primary radiation which are incident vertically 
all have a kinetic energy greater than 8 BeV, whereas at 57° N 
the minimum allowed energy in the vertical direction is 1 BeV. 
The difference between the characteristics of the two sets of stars 
is then attributed to the primary particles of energy intermediate 
between the two cut-off values (Salant, Hornbostbl, Fisk and 
Smith [I960]). Measurement of the deflection of the particles in 
a strong magnetic field can also be usefully employed (Dilworth, 
Goldsaok, Goldsohmidt-Clermont and Levy [1950]). 

1. 3 Yield curve for mesons 

The work of Piccioni [1950] and of Fowler [1960] (III) has 
shown that the majority of the shower particles are re-mesons. It 
has further been shown by Camerini, Fowler, Look and Muirhead 
[1950] (IV) that the small admixture of protons amongst these 
particles is approximately compensated by the number of re-mesons 
of energy less than 150 MeV. The number of shower particles 
observed is, therefore, to a first approximation, equal to the total 
number of charged mesons produced. Camerini, Davies, Fowler, 
Franzinetti, Look, Perkins and Yekutibbe [1951] (VI) have 
recently carried out an analysis of meson “showers” produced in 
photographic emulsions exposed at an atmospheric depth of 
52 gm.om -2 . The distribution in the number of shower particles 
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emitted from a nuclear disintegration is plotted in Fig. 1 for 
various ranges of the energy of the primary particle. 
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It cfiin he seen that for any given primary energy there is a wide 
spread in the number of charged mesons created. This is due in 
part to the fluctuation in the proportion of neutral mesons produced 
in an individual ' encounter \ The remaining fluctuation may bo 

1 In what follows we shall assume that the ratio of charged mesons to 

the total number of mesons -= = . 

' N 8 /? 
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attributed to variations of the average energy with which the mesons 
are created. For a given primary energy and inelasticity K (i.e. a 
fixed amount of energy radiated) the number of mesons created is 
inversely proportional to their mean energy. Furthermore, one can 
expect fluctuations in K. These two types of fluctuation are implicit 
in Fermi’s theory, and the resulting spread in multiplicity is in 
good agreement with the experimental results. 

PROPORTION f <* Op STARS Vf R6US PRIMARY ENERGY 



Fig. 2 - Proportion of “0 p sfcu.ru” plotted as a function of y 9 , the total 
onorgy of the primary proton in terms of its rest onergy. The curve 
represents the values predicted hy Fermi's theory. 

Those data may be represented in alternative forms. The per¬ 
centage of stars not containing shower particles (rc-mesons of 
energy > 80 MeV and protons of energy > 500 MeV) is plotted as a 
function of primary energy in Fig. 2. The curve falls sharply above 
the threshold for meson production in a nucleon-nucleon encounter, 
reaches a value of 50 per cent at a primary onergy of 2.6 BeV, and 
begins to flatten out above ~ 6 BoV. 

At very low energies any elastic collisions which the incident < 
nucleon may suffer will reduce its onergy to such an extent as to 
make the probability of its second collision being radiative negligibly 
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small. The steep part of the curve therefore gives an indication of 
how the elastic scattering cross-section falls off with primary- 
energy. The curve drawn shows the values predicted from Fermi’s 
statistical theory which, however, refers to mesons of all energies 
whilst the experimental points refer to mesons of energies > 80MeV. 

The stars in which the number of heavily ionising particles 
(N h ) is greater than 8 are certainly due to the disintegration of the 
heavy nuclei of the emulsion (silver and bromine). On the other 
hand, stars with N h less than 8 can be due to the disintegration 
of both light and heavy nuclei and the exact proportion of the 
contribution from heavy nuclei is not accurately known. In Fig. 3 
is plotted, as a function of primary energy, the average multi- 




ENERGY h B«V 


Fig. 3 - Observed variation of average multiplicity n s , with kinetic energy 
of primary in BeV, fpr stars of different prong number N h . 
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plicity for these two classes of stars, while Fig. 4 shows the multi¬ 
plicity curve irrespective of N h . The results of Salaht et al. [1950] 
are also shown in Figure 3. These workers have determined the 
average multiplicity of stars of different N h for primary energies 



Fig. 4 - Variation of N]„ N g and H, with, the kinetic energy of the primary 
particle, x; stars produced by re-mesons; • proton initiated stars; 0; stars 
initiated by “st-p” particles. 

greater than 1 BeV and greater than 8 BeV. The average multi¬ 
plicity for a star produced by a primary particle having an energy 
between 1 and 8 BeV may therefore be calculated. 

At high primary energies there is a significant difference between 
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the average multiplicity of stars with N h < 9 and N h ^ 9. A 
aimila.r result has been obtained from a cloud chamber study of 
nuclear disintegrations caused by high energy nucleons in light 
and heavy elements (Lovati, Mura, SalvinI', and Tagliaeerri 
[1950]; Gregory and Tinlot [1951]). 

1.4 The production of neutral mesons 
It has been known for some years that energetic electronic 
showers sire frequently associated with showers of penetrating 
particles observed in cloud chamber and counter systems. Careful 
work with cloud chambers (Fretter [1949], Chao [1949], Cocgoni 
[1949], Gregory, Rossi and Txnlot [1950], Gregory and Tinlot 
[1951]) established that these showers were in general initiated 
by photons; it was not possible to decide whether the gamma rays 
were emitted directly from the disintegrating nucleus or were the 
decay products of neutral mesons emitted together with the 
charged mesons. However, recent work at Berkeley (Bjorkltind, 
Crandall, Moyer and York .[1950], Stbinbergbr, Panoesky 
and Steller [1950]) seems to provide decisive evidence for the 
production of neutral mesons. Their mass has been shown to be 
264 ± 14 m e (Panoesky, Aamodt and York [1950], Panoesky, 
Aamodt, Hadley and Phillips [I960]), and their lifetime is pro¬ 
bably less than 5 x 10~ 14 sec. (Carlson, Hooper and King 

[1950] (V)). .... 

An estimate of their frequency of occurrence in penetrating 
showers compared with the number of charged 71 -mesons has been 
.made by Carlson ei til. [1950] (V), from a consideration of tho 
number of related electron pairs found near penetrating showers 
in photographic emulsions. A value of 0.45 ±0.1 was obtained. 
From a similar study using a cloud chamber Tinlot and Gregory 
[1951] obtained a figure of ~0.37. Both these results refer to 
showers of n, > 3, corresponding to a mean multiplicity of ~ 4.5. 
Camerini et al. [1951] (VI) made an analysis of the energy balance 
in the showers. For those with n, ^ 4 (average multiplicity = 1.1) 
the ratio of the number of neutral to charged mesons was found 
to be 1.1 ± 0.4. The available evidence therefore indicates that 
at high primary energies the ratio of neutral to charged mesons 
is ~ The higher value of this ratio obtained for smaller multi¬ 
plicities can be explained in terms of the following considerations: 
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(a) in collisions where only a single meson is produced the assump- 
tion of charge independence of nuclear forces leads to a ratio f; 

(b) by selecting showers of small charged multiplicities one pre¬ 
ferentially selects showers with higher neutral to charged 
ratio. 


1. 5 Comparison of multiplicity — primary energy relationship 
with theory 

It is now of interest to compare the results given in the previous 
section with the predictions of the existing theories of meson 
production in order to determine if it is possible to distinguish 
between them. 

(a) Com^mrison uith the plural theory of Heitler and Janossy 

In the plural theory, the total multiplicity is given by the number 
of encounters, N„ made by the primary particle in traversing the 
nucleus, since only one meson is assumed to be created at each 
collision. We have, if y v is the total energy of the primary nucleon 
in units of the rest energy, 


(1) 


N,= 


log (y n -i) - I»g (y. — 1) , ! 
— Log (1—ff) 


where y e is the cut-off energy below which the primary cannot 
generate further mosons, and where a (a constant) is the fractional 
kinetic energy Iosb of the primary at each collision; Heitler takes 
a - 0.25. The recoil nucleon and the meson created in the collision 
take, respectively, a fraction a and (a — a) of the primary energy. 
y e i H) of course, arbitrary. However, if only those mesons of total 
energy y, > 1.7 (shower particles) are considered, then the cut-off 
is given by 

(a— a)R(y — 1) = 1.7; R = jfc = 6.7 

so that the multiplicity curve is fixed by a and a only. Heitler 
further assumes a a — a = i, from which y e = 3.1. The relation 
(1) is plotted in Fig. 5 and shows good agreement with the experi¬ 
mental data. 

At high primary energies, the recoil nucleons themselves can 
produce mesons; the number in the second generation can be 
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estimated and is also shown in Fig. 5. The observations however, 
do not extend to sufficiently high energies to enable one to dif¬ 
ferentiate between the two curves. Also included in this figure are 
the data from showers produced by a-particles of known energy 



Fig. 5 - Variation of average multiplicity with primary energy; comparison 
of the experimental results with the predictions of the plural theory. 
y v = total energy of primary proton in terms of its rest energy. For the 
a-particles, the multiplicity per nucleon is plotted against energy per nucleon. 

in which the multiplicity per nucleon is plotted against energy per 
nucleon. The agreement between these data and that for single 
charged primaries is good. This suggests that, as one would have 
expected, the four nucleons of the a-particle behave (as far as 
meson production is concerned) independently of each other. 

(b) Comparison with the multiple theory 

The variation of n 8 with primary energy on the basis of Heisen¬ 
berg’s theory for different values of the inelasticity of the collision K 
has also been computed. Heisenberg defines the inelasticity as 
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the ratio of the energy radiated in mesons in the centre of mass 
system of the two colliding nucleons, to the maximum amount of 
energy available in this system. 

The results are shown in Fig. 6. At low energies, it is necessary 
to assume a small mean value of K in order to obtain agreement 
with the experimental data. A proportion of the collisions will 
clearly be completely elastic (K = 0) and the remainder will cor¬ 
respond to a finite value, which from energetic considerations 



Fig. 6 - Variation of average multiplicity with primary energy; comparison 
of the experimental results with the predictions of the multiple theory. 

y' v = j/2!LdZ-j = energy of nucleon in C-system. 


must be near unity. At high primary energies, if one assumes only 
a single meson-producing collision in the nucleus, a higher mean 
value of K must bo invoked. In fact, from considerations of equi- 
partition of momentum, one expects a mean value of K near to 
unity at sufficiently high multiplicities. 

The yield curve, according to Fermi's theory *is also given in 
Fig. 6. The values of at high energies appear somewhat low, 
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though, presumably the agreement could be improved by a suitable 
choice of his parameters. 

Secondary collisions 

Better agreement between the observations and the predictions 
of the -Fermi or the Heisenberg theory for small K may be obtained 
by assuming more than one collision in the nucleus, i.e. secondary 
generation of mesons by nucleons (or mesons) recoiling from the 
first collisions. 

The result of such a calctilation is given in Fig. 6 for the above 
three values of K, where only further nucleon-nucleon collisions 
have boen considered. In making the calculations an infinitely large 
nucleus (or a sufficiently high cross-section) was assumed. The 
results therefore, represent an upper limit to the average multi¬ 
plicity, n 8 . In the region below a primary energy of about 2 BeV 
there is only sufficient energy to produce on the average a single 
meson, and all theories must lead to the same result. 

1. 6 Variation of N h and N fl with primary energy and multiplicity 

In the previous sections the variation of the number of shower 
particles, n ai with primary energy has been considered. It is also 
possible to determine the- variation of the number of heavily 
ionising particles, N h and of the number of “grey” particles, N g , 
with primary energy. The results obtained by Camerini et dl . [1951] 
(VI) are shown in Fig. 4. 

At present, reliable measurements of the primary energy extend 
only up to about 15 BeV. The only information available at higher 
primary energies is the variation of different star parameters with 
the multiplicity, n 8 . The results obtained by Camerini et aL are 
shown in Fig. 7; they will be discussed in a later section (§ 3. 3). 

From the data shown in Fig. 7 it is possible to estimate, taking 
neutrons into account, an upper limit for the total number of 
knock-on nucleons as a function of the number of shower particles, 
n r The increase in the number of “knock-ons” is thus found to be 
less than 1 per charged meson created; the mean rise is only 0.5 
per meson. Bearing in mind the fact that this represents an upper 
limit, and that there is at least one neutral meson for every two 
charged, one arrives at a figure of less than 0.3 observed knock-ons 
per meson created^ 
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Now nucleons of energy less than 1.6 BeV will, when crossing a 
nucleus, lose most of their energy in elastic collisions, giving rise 
to “black” and “grey” particles. The nucleons which recoil from 
the meson producing collisions would, on the hypothesis of Heitler 
and Janossy, frequently have energies below this value. One would 



of different energies, and of tlio number of heavily ionizing particles 


thus expect the energy appearing in the star (“black” and “grey” 
particles) to increase linearly with the number of recoil nucleons. 
The original plural theory of Heitler and Janossy predicted about 
one recoil nucleon for each meson created, and is thus inconsistent 
with the experimental results. 

However, it has been pointed out by Heltler and Therreaux 
(HnrTLKK [1950, 1951]) that if many-body collisions are taken into 
consideration, it is possible to reduce substantially the number of 
recoil nucleons. This would bring the predictions of the plural 
theory into agreement with the experimental results. 


2 



13 


ENERGETIC NUCLEAR ENCOUNTERS 


2. MeSON-NUCLEON INTERACTION 

In the previous section we have considered the creation of 
mesons in nucleon-nucleon collisions. We shall now summarise 
the available experimental evidence about meson-nucleon inter¬ 
actions. 

2.1 The collision mean free path 

The cross section for interaction of mesons with nuclear matter 
has been determined by many workers using a variety of tech¬ 
niques and the results obtained are summarised in Table 1. The 
earlier discrepancy between the results obtained by the use of 
cloud chambers and by the use of photographic emulsions now 
appears to have been removed, (Lovati, Mura, Succi and 
Tagliaferri [1951], Gregory and Tinlot [1951]). It seems 


1 



multiplicity 


Fig. 8 - The multiplicity distribution of secondary stars produced by shower 
particles, ---results obtained by Lovati et al. in a cloud chamber containing 
thin foils of absorbing materials; — the distribution observed by Lock and 
Yekutieu using photographic emulsions. 


reasonable to assume that the high results for the mean free path 
obtained by some cloud chamber workers were due partly to 
insufficient allowance being made for interactions fully contained 
within the absorbing material in the interior of the cloud chamber, 
and partly to the bias introduced by the counter selection system. 
An example of the bias towards the selection of high energy events 
introduced using cloud chamber techniques is shown in Fig. 8. This 
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TABLE 1 




Mean free path 

Energy range 

Method 

Authors 

Observed 

(gm.cm. -2 ) 

Ratio Obs./ 
Geom. 

(MeV) 

(for mesons) 

Counter system 





at mountain 

Piccioni 

1200 (Fe) 

14.0 

> 400 

altitudes 





Cloud Chamber 
at mountain 

Fretter 

750 (Pb) 
(uncorrected) 

4.7 

> 150 

(a. >2) 

altitudes 

Brown &McKay 

316 ± 70 (Pb) 

2.0 

> 160 


Hartzler 

230 ± 60 (Au) 

1.5 

> 1000 


Lovati et 

al. [1950] 

300 ± 100 (Pb) 
(corrected) 

1.9 

> 150 
(a, >2) 


Lovati et 

al. [1951] 

200 ± 50 (Pb) 
(corrected) 

1.25 

> 160 
(n»>2) 


Gregory & 

Tinlot 

172 ± 30 (Pb) 
164 ± 50 (Al) 

1.1 

2.0 

(a. >8) 

Cloud Chamber 
at sea level 

Butler, Rosser 
& Barker 

400 (Pb) 
(uncorrected) 

2.5 

> 1000 


Butler & Barker 

200 (Pb) 
(corrected) 

1.25 

> 1000 

Photographic 

emulsion 

Harding & 
Perkins 

120 (Ice) 

2.0 

> 100 


Camerini et al. 

100 ± 30 
(emulsion) 

1.1 

> 100 


Lock & 

Yekutieli 

110 ± 25 
(emulsion) 

1.2 

> 100 


Bernadini et al. 

115 

(emulsion) 

1.3 

30—50 

70-90 


shows the multiplicity distribution of the secondary stare as 
observed by Lovati et al. [19.51] using a cloud chamber and by 
Look and Ykkutibli [19.51] using photographic emulsions. 

It thus seems well established that the value of the cross-section 
is between (10 and 100 % of the geometrical value for energies up 
to about r> BeV. 
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2. 2 Stars produced by identified jt-mesons 

In this laboratory, Lock and Yekutieli [1951] have made a 
study of stars produced by rc-mesons of kinetic energy between 
0 and 1 BeV. The variation of N h and N g with primary energy for 
such stars is included in the data given in Fig. 4. A comparison 
with stars produced by identified protons of similar energy (see 
.also Fig. 4) shows that protons and mesons lose approximately 
the same amount of energy in. such collisions. 

Preliminary results indicate that in approximately half the 
•cases the incident rc-meson emerges from the nucleus. In the 
majority of such cases its fractional energy loss appears to be very 
great; some typical examples observed are given in Table 2. This 


TABLE 2 


Star Type 

Kinetic Energy 
of Incident 
Meson. MeV. 

Kinetic Energy 
of Outgoing 
Meson. MeV. 

Percentage 
Energy Loss. 

2 -f- 0 7i 

80 

67 

16 

3 -J- 1 71 

295 

185 

37 

1 + 1 n 

490 

305 

38 

7 + 1 jc 

670 

40 

94 

6 + 0 n 

740 

70 

90 

6 + 1 7t 

760 

430 

43 

5 + 0 tc 

840 

20 

98 

0 + 0 n 

950 

30 

97 

3 + 1ji 

1085 

135 

88 

3 -f* 2 n 

1085 

365 

66 



375 

65 


suggests that the incident meson must, in general, suffer more 
than one collision in its passage through the nucleus. Similar 
results have been obtained by Bernadini, Booth, Lederman and 
Tinlot [1950b] from a study of the nuclear scattering of ^-mesons 
of between 70 and 00 MeV kinetic energy. 

When no meson is observed to be ejected from the disintegration, 
the incident meson has either been absorbed or lost its charge. 

One case has been observed in which a ^-meson of kinetic energy 
1.1 BeV produced a disintegration in which two rc-mesons are 
ejected (Plate I). From energy considerations the event may bo 
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explained on the hypothesis of direct creation of a meson in a 
meson-nucleon encounter (Heitler and Janossy [1950]). 

2. 3 The interactions of rr-mesons of energy greater than 1 BeV 

It is difficult to obtain direct evidence of tlfc behaviour of 
rc-mesons of energy greater than 1 BeV, since there is as yet no 
means whereby they may be distinguished from relativistic pro¬ 
tons. However, since at least 50 per cent of the shower particles with 
energy greater than 1 BeV are probably ^-mesons (Butler and 
Ba rker [1951]) indirect evidence may be obtained from a study 
of the interactions of the energetic secondary particles of pene¬ 
trating showers. 

Rosser and Swift [1951] have exposed photographic plates 
above and below 30 cm of lead at an altitude of 2860 m. These 
workers find that for showers with two or more penetrating 
particles ( n 8 > 2) the ratio of charged primaries to neutral primaries 
is 0.86 ± 0.21 above the lead and 1.76 ± 0.48 below the lead. 
They suggest that the increase in the number of showers with 
charged primaries may be due to fast yr-mesons produced in the 
lead. The average energy of a primary nucleon which produces a 
penetrating shower of n a = 2 is of the order of 4 BeV. If the showers 
observed are produced by nucleons <£ knocked-on” by the sr-mesons, 
the incident ^-mesons must have energies much greater than 
4 BeV. The number of rc-mesons of such great energy does not 
appear to be sufficient to explain the magnitude of the effect 
observed. The results may be explained if it is assumed that 
ar-mcsons of energy greater than 1 BeV can produce showers of 
^-mesons directly in meson-nucleon collisions. The cross-section of 
the nucleus for this process would have to be approximately 
geometrical. 

2.4 Conclusions 

The evidence presented in the preceding sections establishes 
that, over a wide range of energy, yr-mesons have a strong inter¬ 
action with nuclear matter, with a cross-section of the order of 
the geometrical value. The nc-mesons, when of sufficient energy, 
can themselves lead to the creation of further mesons. ( 
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3. Properties of the shower particles 

3.1 Lorentz transformation to centre of mass system (multiple 
theory) 

In favourable oases it is possible to measure the energy of both 
the primary and one or more of the secondaries of a shower. It is 
then possible to determine the energy spectrum and the angular 
distribution of the mesons created in the centre of mma system 
on the basis of the following assumptions: 

(a) All the mesons are produced in a single nucleon-nucleon 
collision 

(b) The shape of their energy spectrum in the C-system does not 
depend on the energy of the primary particle, up to a cut-off 
energy which is equal to the maximum possible energy of 
ejection of a single meson. 

(c) The loss of energy and change in direction of the mesons in 
their passage through the nucleus can be neglected. 



Fig. 9 - The energy spectrum of the mesons in the C-system derived on 
the assumption of a single nucleon-nucleon collision. y' s is the total energy 
of the meson in terms of the rest energy. 

• K = 0.5; $ K = 1.0. The curve represents the spectrum 1/y' 2 — J. /y'*dy'. 
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The energy spectrum in the centre of mass system obtained by 
Camesini et al. [1951] (VI) under the above assumptions is shown 
in Fig. 9 for K = 1 and K = 0.5. It can be represented analytically 
by a differential distribution f{y' t )dy' B which falls off at high energies 
as dy'Jy*. This is in reasonable agreement with the spectrum 
assumed by Heisenberg. The angular distribution of the mesons 
in the C-system is consistent with an isotropic distribution; the 
ratio of “backward” to “forward” mesons is 0.95 ± 0.44. In § 3. 3 
it is shown that in fact the mesons must suffer some scattering in 
their passage through the nucleus, and that while no great signi¬ 
ficance can then be attached to the “angular distribution in the 
C-system” determined above, the form of the energy spectrum is 
not greatly affected. 

3.2 Energy and an gular distributions of the shower particles 

It has not been possible to determine the angular and energy 
distributions of the shower particles as a function of primary 
energy since the number of stars with measured primaries is small. 
Instead, the distributions have been referred to the star para¬ 
meters N h and n„. It is an unfortunate feature of the analysis that 
n„ is a very poor index of the primary energy (see for example, 
Fig. 1). 

Energy distribution 

For energy considerations we may divide the shower particles 
into three groups, viz: 

(i) Identified mesons, n, of kinetic energy between 80 and 
1100 MeV. 

(ii) Identified protons, of kinetic energy between 500 and 
800 MeV. Since they are few in number, they will not be 
discussed here. 

(iii) Particles with a mean angle of scattering, a, less than 0.0226 
degrees per 100 ft. For smaller values of the scattering the 
grain densities of mesons and protons become equal so that 
the two types of particle are indistinguishable. We therefore 
call these particles n — f. 

The energy distribution of the shower particle mesons, Jt„ has 

been determined by Camebini et al. [1950] (IV) and their results 



24 


ENERGETIC NUCLEAR ENCOUNTERS 


are shown in Fig. 10. Included in this figure are the differential 
energy distributions of protons from 30 to 800 MeV and of 
deuterons and tritons between 50 and 800 MeV. 



ENERGY In MeV 


Fig. 10 - The full lines show the differential energy spectrum of mesons 
and protons ejected from stars of n s 1 (mesons plotted against total energy) 

Mesons j Estimated mesons • 

Protons □ Estimated protons J 

— — — indicates spectrum of jr-mesons if all rc~p particles arem esons. 
“*"• indicates spectrum of protons if all 7i-p particles are protons. 

The spectrum of the identified mesons can be represented by 
the expression N(E)dE = E~ U4s dE (E = total energy) in the 
energy region between 200 and 1100 MeV, and its shape seems not 
to depend strongly on N h or n 8 . This observation is, however, 
subject to large statistical uncertainty. 
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At higher energies it is not possible to determine the energy- 
spectra of the mesons and protons separately. Cameriuti et al 
[1950] (IV) estimate that about 66 % of the “n —- p” particles are 
rc-mesons, in good agreement with the results obtained by Butler 
and Barker [1951] using a cloud chamber. 

TABLE 3 

Average Total Energy of Shower Particles 
(ji, + (Ji-y>) + p s ) as a function of N k & n,. 

n , . 1 2—4 > 4 

E . 760 ± 40 MeV 850 ± 40MeV 910 ±45 MeV 


N h . 3-8 9-14 14 

E . 856 ± 40 MoV 756 ±55 MeV 730 ±45 MeV 

The number of n — p particles per shower particle is shown as a 
function of N h and n 8 in Table 3. There is a significant increase in 
their frequency of occurrence in large showers (n 8 ) and a decrease 
for increasing size of star (N h ). The latter result is an indication 
that secondary interactions must occur within the nucleus. 

The average energy of the shower particles has been computed 
for the different star typos, and the results are shown in Table 4. 
The variations throughout this table are entirely due to the dif¬ 
ferent proportions of high energy particles as shown in Table 3. 


TABLE 4 

Number of Tt-p-particles per Shower Particle 



3 N h < 8 

. 

N h > 2 

n, = 1 . . . . 

0.16 ± 0.04 

0.09 ± 0.05 

0.13 ± 0.03 

2<n,<4 . . 

0.22 ± 0.05 

0.22 ± 0.05 

0.22 ± 0.03 

> 4 . . . . 

0.41 ± 0.09 

0.14 ± 0.04 

0.23 ± 0.04 

n $ (all) .... 

0.23 ± 0.03 

0.16 ± 0-02 

0.20 ± 0.02 


Angular distribution 

The angular distribution of the shower particles with respect to 
the primary has been determined for more than one thousand 
stars (Camertni et al [1951] (VI)). The resulting distribution, 
plotted as a function of n 8 , is shown in Fig. 11, and as a function 
of N h in Fig. 12. 












ANCLE TO PRIMARY 


Fig. 11 - The angular distributions of shower particles in the laboratory 
system for different ranges of multiplicity. The ordinate gives the number 
of tracks per angular interval. 



ANGLE to PRIMARY 

Fig. 12 - The angular distribution of shower particles for stars of N h ^ 0 

and N h > 7. 
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The median angle v\ of the distribution decreases slowly with 
increasing n 8 , (Fig. 11). A similar result has been obtained by 
Osborne [1951]. The curve indicates the variation expected from 
the assumption of multiple production (single collision). There is 
reasonable agreement with observations at low multiplicity. At 
high multiplicity the discrepancy is indicative of secondary 
effects. 

The proportion, B , of mesons projected backwards in the 
laboratory system is much greater than can reasonably be expected 
on the basis of a single collision (Fig. 13). Furthermore, the angular 
distribution in the backward hemisphere is almost isotropic in the 
laboratory system. 



Fig. 13 - Tho variation of tho median angle of the showers with the 
multiplicity, l’or stars of N h < 0 and N h ^ 7. Tho curve shows tho variation, 
expected on tho assumption of multiple production in a single nucleon- 
nucleon collision (K = 1.0). 

The value of B depends strongly on the value of N h . For stars 
with N h < 7 it is equal to 0.113 ± .016 while for stars of N h > 8 
it in 0.171 ± 
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Fig. 14 — The variation of backward fraction with multiplicity. *iso*. 
calculated variation on the assumption of pure multiple production with 
isotropic angular distribution of the mesons in the C-system of the colliding 
nucleons for (1) and (2) generations. ‘cos 4 0'\ ... variation calculated on 
the assumption of an angular distribution in the C-system of form 
cos 4 0'sin0W. The full line curves indicate the fraction projected backward 
on the assumption that each meson is elastically scattered by a nucleon 
in its exit through the nucleus, either by Compton-type scattering, or by 
scattering isotropic in the C-system of meson and nucleon, with cross- 
section independent of energy. 


Discussion 

Cambrinti et al [1951] (VI) have shown that multiple small angle 
scattering in the nucleus of mesons produced in a single nucleon- 
nucleon collision cannot explain the main features of the angular 
distribution of the shower particles, viz: — 

(a) The backward mesons are almost isotropic in angular distri¬ 
bution and strongly depend in intensity on N h ; whereas, 

(b) the angular distribution of the forward mesons is but little 
dependent on N h ; and 

(o) both 7] and £ vary slowly with n r 

It thus seems that in order to obtain agreement between the 
observed angular distribution and the multiple theory one has to 
assume one or both of the following hypotheses: 
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(i) A small percentage of the mesons are elastically scattered in 
collisions with nucleons with an angular distribution whioh is 
isotropic in the centre of mass system. The cross-section per 
nucleon for this process must be of the order of 10 % of the 
geometrical value. In general, few mesons are lost or created. 

(ii) Secondary generations occur, i.e. both nucleons and mesons, 
in collisions with nucleons, produce further mesons. 

It is not possible at the present time to determine if the pre¬ 
dictions of Therreaux will agree with the above features of the 
angular distribution of the shower particles. 

3. 3 The interaction of the shower particles with the nucleus 

The experimental results presented in § 1. 6 showed that both 
N h and N 0 vary only slowly with multiplicity. For a shower with 
two shower particles the average number of “grey particles” is 
~ 3, while for a shower with twenty shower particles this figure has 
only risen to ~ 7. It thus seems that only a very small fraction of 
the mesons created can interact with the nucleus before they escape 
from it (for a meson of energy 800 MeV commonly maizes a star 
with 6 heavy branches when it interacts with nuclear matter), 
(Lock and Yekutieli [1951]). This conclusion is in contradiction 
with the evidence for a strong interaction between mesons and 
nuclear matter presented in § 2. 

It seems unlikely that this discrepancy can be due to a quantum 
interference of the mesons tending to decrease their field of force, 
nor does it seem likely that “soaking” of the nucleus occurs at any 
but the highest multiplicities. By “soaking” of the nucleus we mean 
the following effect: the volume of that part, of the nucleus which 
is being crossed by the shower particles is, in •general, small and thus 
will contain few nucleons. If the number of shower particles is of 
the same order of magnitude as, or greater than the number of 
nucloons in this volume, the fractional energy loss of the shower 
particles to the nucleons may become considerably smaller than 
the value to bo expected from the results shown in § 2. 

Alternatively, it may be postulated that only a few high energy 
mesons are produced in the original nucleon-nucleon collisions. 
These subsequently reproduce themselves in collisions with nuc¬ 
leons, giving rise to a greater number of lower energy mesons. It 



30 


ENERGETIC NUCLEAR ENCOUNTERS 


seems possible that these final collisions may take place sufficiently 
close to the surface of the nucleus for the mesons created to escape 
from it without losing an appreciable proportion of their energy. 
Thus both the main features of the angular distribution and the 
lack of interaction of the shower particles would be explained. 

4. Individual high energy events 

Several events have been found in photographic emulsions 
exposed to the cosmic radiation which have been characterized 
by the ejection of a large number of relativistic particles. These 
events have, in general, been interpreted as providing evidence for 
the multiple production of mesons. However, it has been shown 
by Heitler and Therreaux, (Heitler [1950, 1951]) that such 
events can also be explained in terms of the modified plural theory 
mentioned in § 1. 6. 

4.1 Stars produced by neutrons and singly charged primary 
particles 

A star of type 27 + 27 n was observed by Leprince-Ringuet, 
Boussbr, Hoang-Tohang-Fong, Jauneau and Morellet [1949]. 
On the assumption that 17 of the relativistic particles were mesons, 
these authors concluded that pluro-multiple production of the 
mesons probably occurred. 

Lord, Fainberg and Sohein [1950] have published an analysis 
of a star of type 2 + 15 p in which seven of the shower, particles 
were emitted in a very narrow central cone (half width .003 rad.). 
The remaining eight shower particles were emitted in a much more 
diffuse cone. The energy of the primary particle, assumed to be a 
proton, was calculated from the half width of the central cone and 
found to be of the order of 3 x 10 4 BeV. Only one of the two 
heavily ionizing tracks could be attributed to a nucleon ejected 
by a process of evaporation, which indicated that the reaction 
took place in a nucleus of a light element present in the emulsion. 
The fact that 15 shower particles were observed was therefore 
considered as evidence for multiple production, while the low 
multiplicity for the high primary energy involved favoured the 
theory of Fermi. 

A star with a minimum of 95 prongs has recently been observed 
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by Lord and Schein [1951] and is shown in Fig. 15. The energy 
of the primary particle was estimated to be 3 x 10 3 BeV, and from 
charge considerations at least 55 mesons were created. 

In this laboratory Davies and Perkins (unpublished) have 
analysed in detail an event of type 8 + 41 p (Plate II) observed in 



Fig. 15 - A star with at least 95 prongs observed by Lord and Schein in 
a photographie emulsion exposed at 95,000'. 


a photographic emulsion exposed under 30 cm. of lead at the 
Jungfraujoeh. Of the 41 shower particles, 27 possessed tracks of 
sufficient length in the emulsion for their energy to be determined 
by scattering measurements. In this way one of the particles was 
identified as a proton, 8 as mesons, and the remaining 18 as £ Vz — p” 
particles. From their mean energy the total energy associated with 
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the shower particles was estimated to be 90 BeV, which corresponds 
to approximately 140 BeV when allowance is made for the pro¬ 
duction of neutral mesons. This is therefore a lower limit for the 
energy of the primary particle. 

On the hypothesis of pure multiple production, the half angle of 
the forward cone of the shower particles in the laboratory system 
would be less than 6°. The observed value was 12°, only 30 ± 10 % 
of the shower particles falling within a 6° cone. On the basis of a 
multiple theory this may be regarded as evidence for the existence 
of secondary processes. However, it seems likely that this obser¬ 
vation also is not inconsistent with the predictions of the plural 
theory. 

4.2 Stars produced by fast «-particles 

A shower containing some 56 singly charged relativistic particles 
(type 18 + 56a) produced by a primary a-particle of energy 
between 10 s —10 4 BeV has been observed by Bradt, Kaplon and 
Peters [1950]. Approximately half of the shower particles were 
concentrated in a narrow core of 1.5° half width, the remainder 
being spread out over an angular interval of ± 60°. It was shown 
that these features of the event could be explained by the assump¬ 
tion of multiple meson production in primary, secondary and 
tertiary encounters in the target nucleus. It is considered by 
Heitler that this particular event may also be explained in terms of 
the plural theory. 

Many other examples of nuclear disintegrations caused by fast 
a-partioles have been found by various workers. However, a 
detailed examination of the characteristics of such events, and 
of those produoed by particles of greater charge, has not yet been 
carried out. Some examples of such events are given in the article 
by Dr B. Peters in this volume, (Peters’ Fig. 10 is the shower 
referred to above). 


5. Conclusions 

From a consideration of the evidence of various workers which 
has been presented in the previous sections, we may formulate the 
following general conclusions: — 

(1) At low primary energies (< 1 BeV) nucleon-nucleon col- 



Camerini 


Plate I 



Disintegration ini tinted by n rc-moHon of kinetic energy 1085 MeV in which 
two ^-mesons of energy 365 and 375 MoV arc produced together with a 

proton of 270 MoV. 



Camebini 


Plate II 



A star of type 8 + 41p. The energies of 27 of the secondaries have been 

determined. 
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lisions are, in general, completely elastic. The elastic and inelastic 
scattering cross-sections become comparable only at a primary 
energy of the order of 3 BeV. 

(2) At a given primary energy there is a large spread in the 
number of charged mesons observed. 

(3) The experimental results appear to be inconsistent with 
the predictions of the plural theory based on two-body nucleon- 
nucleon collisions. Agreement can, however, be obtained if many- 
body interactions are invoked (Heitler and Therreaux). 

(4) Re-absorption of mesons in the same nucleus in which 
they were created is, in general, negligible, although this process 
may be responsible for the very large stars of small multiplicity. 
The cross-section for large angle elastic scattering of these mesons 
by nucleons is of the order of ~ 10 % of the geometrical value, 
on the assumption that multiplication of the mesons in such 
collisions is not important. The energy transfer to the nucleus 
expected from this cross-section is in rough agreement with the 
data in Fig. 12 and Table IV. 

(B) On the other hand, single fast m-mesons (E < 1 BeV) 
interact strongly with nuclear matter; in 50 % of the cases they 
emerge from the disintegrating nucleus having lost a large fraction 
of their energy. It is not possible to determine whether iri the 
remaining cases the mesons are absorbed or suffer charge exchange. 

(6) ji-mesons of sufficiently high energy (E > 2 BeV) can, 
when in collision with a nucleus, lead to the creation of further 
mesons. This process probably occurs directly in a meson-nucleon 
collision. 

(7) There appears to bo a, discrepancy between the small 
fractional energy loss suffered by a meson in emerging from the 
nucleus in which it has been created, and the large energy loss of 
an isolated meson in traversing nuclear matter. This may be 
explained by assuming that only a few high energy mesons are in 
general created in the primary collisions, and that these mesons 
undergo multiplication in subsequent meson-nucleon collisions. 

(8) The data on the angular distribution of shower particles 
suggests that the hypothesis of multiple production of mesons in a 
single nucleon-nucleon interaction, with no further radiative 
collisions, is insufficient. More mesons must, in general, be pro¬ 
duced in further nuclcon-nucleon and meson-nucleon collisions. 
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PART II 


ELASTIC COLLISIONS 
6. Introduction 

In the above discussion of the radiative collisions we have seen 
that a high energy primary nucleon can initiate, within the nucleus, 
a “cascade” of energetic mesons and nucleons. As this cascade 
develops through the nucleus the mean energy of the particles of 
which it is composed decreases. The radiation processes cease 
when the particles have energies below 1 BeV and thereafter only 
elastic collisions need be considered. Such particles are chiefly 
responsible for the repartition of energy among the remaining 
nucleons by means of successive collisions. 

However, some of the nucleons will have succeeded in escaping 
after relatively few collisions, before a statistical distribution of 
energy throughout the nucleus has been attained. These particles 
will, in general, have energies between 25 and 1000 MeV (assuming 
them to be protons). Those of energy between 25 and 500 MeV, 
which constitute the great majority, correspond to the grey tracks; 
the remainder are shower particles. On account of the small number, 
and of the difficulty of identifying the particles of energy greater 
than 500 MeV, we shall limit ourselves exclusively to the study 
of the grey tracks. 


7. Frequency, energy and angular distribution oe east 
nucleons (Grey tracks) 

7.1 Frequency of grey tracks 

A grey track has been defined as one produced by a particle of 
ionisation between 1. 4 and 6. 8 times minimum. These particles 
have been shown to be composed of 72 % protons, 22 % deuterons 
and tritons, 6 % mesons, and a negligible proportion of a-particles 
(Camerini et al. [1950]; IV). However, in this analysis we shall 
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for simplicity assume all the grey tracks to be produced by protons. 

We can express the relation between N g and n B as 

N, = K 1 + K t n 9 \ (K x = 2.5, K % = 0.4) 

Some at least of the increase of N 0 with increasing multiplicity 
(K t n a ) must be due to projection of nucleons by the mesons in their 
passage through the nucleus. The cross-section derived in § 3. 2 for 
this scattering is reasonably consistent with the above assumption. 
The remaining contribution to the number of greys must then be 
attributed to recoils knocked on in nucleon-nucleon collisions only. 

Unfortunately, it does not seem possible to make reliable quanti¬ 
tative estimates about these nucleon-nucleon collisions nor to 
deduce the energy spectrum at production. Calculations of the 
number of particles emitted and of their energy spectrum have 
been made in the low energy region by Goldberger [1948], but 
the analysis is very lengthy and many of the assumptions made 
are necessarily arbitrary. 


7. 2 Energy distribution of protons producing grey tracks 

The energy distribution of the protons producing grey tracks is 
given in Fig. 10, and follows a power law of the form dE/E 2,5 . The 
average energy also appears to be almost independent of primary 
energy (see Fig. 16) and of N h (Camerini et ah [1951]; VI). 



Fig. 16 - The average energy of a “grey” proton as a function of primary 
energy for Htars initiated by mesons (:<), by protons (•), and by “w-p' 9 

particles (o). 
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7. 3 Angular distribution of grey tracks 

The angular distribution, with respect to the primary, of the. 
“grey” particles is shown in Fig. 17 (Camebini et al. [1951]; VI). 
Most of the grey tracks originated in stars containing shower 
particles and the total of 1500 tracks has been divided into 3 
regions of energy. The degree of collimation increases with in- 



Pig. 17 - The angular distribution of the “grey” protons as a function of 

energy. 


creasing energy of the “grey” particles. A similar result lias been 
obtained by Crussard [1950], Harding [1951] and Osborn k 
[1951]. The Bristol results for the variation of the mean value of 
cos 6 (6 = angle with primary) with energy of the particles, are 
given in Table 5. They are in good agreement with the results 
deduced by other authors. 


TABLE 5 


Grain density. . . . 16—20 20—30 30-40 40-50 

Proto n energy (MeV) 600—280 280—130 130—80 80—60 

0.60 ± 0.05 0.41 ± 0.04 0.30 ± 0.06 0.35 ± 0.08 


cos 0 . 
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Table 6 indicates the variation of cos 0 with the number of 
shower particles n a : 

The angular distribution of the “grey” particles therefore 
depends only slightly on n a ; this seems to support the assumption 
that most of the “greys” result from nucleon-nucleon rather than 
meson-nucleon collisions. 

TABLE 6 


n,. 0-1 2-3 >3 

cos 0. 0.37 ± 0.04 0.32 ± 0.04 0.36 ± 0.04 


It is clear from Fig. 17 that most of the “grey” particles are not 
in fact “(5-rays” knocked-on directly by the primary of the star. 
In such a case, the primary energy E v and the energy of the “grey” 
particle E„ would be related by the (non-relativistic) formula 
E 0 = E p cos 2 0. The most probable value of 0 is ~ 45°, of E g ~200 
MeV, yielding E v ~400 MeV. However, most of the primaries of 
the stars considered produced shower particles and therefore had 
energies above 2 BeV. This result indicates that the “grey” 
particles are not generally knocked-on directly by the primary, 
but by one or more intermediary nucleons. 

7.4 Proportion of grey and black tracks 

The “grey” protons under consideration are those which manage 



Fig. 18 - Variation of the average number of ‘black’ tracks, A r Wftck , with 
the number of ‘grey’ particles Ng. 
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to escape from the nucleus with energies above 30 MeV. Even if 
all the nucleons projected in the initial elastic collisions originally 
have energies above this value, some will undergo so many inter¬ 
actions in their passage through the nucleus that they cannot 
escape immediately but only during the much slower process of 
evaporation. Such nucleons, and others with which they collide, will 
be observed as “black” tracks. As can be seen from Fig. 18, the 
average number of black tracks increases almost linearly with the 
number of “greys” observed. 


8. Frequency, energy and angular distribution of slow 

PARTICLES (BLACK TRACKS); THE EVAPORATION PROCESS 

8.1 Introduction 

Chronologically, the analysis of the tracks of the low energy 
particles from nuclear disintegrations preceded that of the showers. 
The early emulsions, (Agfa and Ilford Halftone dilute emulsions, 
and Ilford Bl, B2 and C2 concentrated emulsions) in use before 
1948, could not record protons of energies above about 50 MeV. 

Before describing the observations on the low energy particles, 
we shall outline briefly the theoretical picture of the emission 
process, since this was in fact put forward before direct observations 
had been made. 

We have seen, in § 7, that the primary, through the medium of 
the faster “recoil nucleons”, can transfer energy to further particles 
in the nucleus. In this section, we shall consider only those particles 
finally emitted with energies below 30 MeV. 

In analysing the process of energy transfer, one could of course 
trace the history of each recoil separately, choosing the energy 
loss per collision by some random method, as was done by Gold- 
berger. We could thus obtain the distribution of the total energy 
transferred among all the nucleons. However, in a large nucleus at 
least, such a procedure is extremely lengthy. 

Although the tracing through the nucleus of individual inter¬ 
actions between some hundred nucleons is so complex as to be 
almost unmanageable, it was first pointed out by Bohr that it is 
just this extreme facility of interaction which allows of a simple 
statistical treatment of the problem, considering the nucleus as a 
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whole. We assume that at some stage in the process, a definite 
amount of energy U has been transferred to the nucleus and that 
the faster nucleons of energy above 30 MeV (i.e. the “grey” particles) 
have already left the nucleus. We now suppose that this dispersion 
of energy is, statistically speaking, completed before the expulsion 
of any further particles — that is, every nucleon has undergone 
a large number of collisions before it escapes. 

The disintegration from this excited state may then be treated 
as quite independent of the process by which it is formed. The 
energy content of the nucleus may be compared with the heat 
energy of a liquid or solid droplet and, as pointed out by Frenkel, 
the disintegration which follows is analogous to a process of 
evaporation. In this evaporation process, the energy spectrum of 
emitted particles is of Maxwellian form, and their distribution in 
direction quite random. 

The analogy is, however, not very exact, since the number of 
particles in the nucleus is small and the statistical fluctuations 
about the mean energy per particle correspondingly large. For 
this reason, we shall limit ourselves to the comparison of theory 
with the observations on stars produced in heavy nuclei only 
(Ag, Br). Further complications are that the so-called nuclear 
“temperature” falls rapidly during the course of the disintegration, 
and that the emission of charged particles is affected by the Coulomb 
barrier. 

Weisskopf [1937] showed that in a large nucleus (e.g. silver) 
at excitation energies large compared with the binding energy per 
nucleon, the level density is so great that the levels may be treated 
as a continuum and a quantitative treatment of the disintegration 
along classical thermodynamical lines is possible. The probability 
of a nexitron being emitted with energy between E and (E + AE) 
was then found to be approximately 

(1) P(E)dE = exp (—E/T) dE 

where the parameter T is the nuclear temperature measured in 
energy units (MeV) and is, strictly speaking, the temperature 
after omission of the neutron. 

Assuming the Coulomb barrier to be impenetrable and of height 
F (MeV), the spectrum (1) is modified for charged particles, simply 
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by shifting it to higher energies by an amount V 

(2) P(E)dE = exp t^zDl dE 

The relation between T and the total excitation energy U depends 
on the particular nuclear model assumed. 


8. 2 Energy distribution of low energy protons 

The first extensive measurements on the energy and angular 
distribution of the low energy particles from stars were made by 
Blau and Wambacher [1937]. Using a grain count to determine 
the energy of the particle, they showed that the energy spectrum 
was well represented by an equation of type (2) for E < 25 MeV. 
However, the stars were taken from both light and heavy elements 
of the emulsion, and the discrimination between a-particles and 
protons was rather poor in the Ilford Halftone plates used. For 
this reason, an accurate test of the evaporation theory could not 
be made. 

Bagge [1941] calculated the energy distribution of protons 
evaporated from stars, and compared his predictions with the 
results of Ortner and Blau and Wambacher. He made allowance 
for the cooling down” of the nucleus during the evaporation 
process. By treating the nucleus as a degenerate gas of particles 
obeying Fermi statistics (analogous to the electron gas in a metal) 
and neglecting the interactions between the nucleons, one obtains 

(3) U - KAT 2 


where A = total number of nucleons, K = ^ 2 /4g^, (# being the 
kinetic energy of the highest occupied state in the unexcited 
nucleus ( = 22 MeV). According to Bethe [1937] the effect of 
nuclear interaction will be to increase K by a factor of the order 
of 2. Thus K ~ 0.1. Following the treatment of Bagge, one obtains 
for the average energy loss dTJ of the nucleus when dA neutrons 
are evaporated, 


(4) 


dU 

dA 


= 2 KAr±+KT* 
= 2T +E 0 


where, from (1), 2 T is the average kinetic energy of a particle, 
E 0 is the binding energy per nucleon, assumed constant, T the 
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instantaneous temperature. The process is treated as continuous 
and the emission of neutrons is assumed to be independent of 
that of protons. Integration of equation (4) gives the instantaneous 
temperature as a function of the initial temperature T 0 and the 
initial and instantaneous mass numbers of the nucleus, A 0 and 
A respectively. Integrating over the whole range of temperature, 
Bagge then obtained the true energy distributions of the evaporated 
particles for any initial nucleus A 0 (in this case silver or bromine). 
He found that this spectrum could be expressed approximately by 

( 5) w - prfjj «p ^ 

which may be compared with (1), which refers to an instantaneous 
temperature. Equation (5) gives the spectrum of neutrons, and 
Bagge obtained that for protons by multiplying (5) by a factor 
corresponding to the mean of the Gamow factors for the initial 
and final nucleus. 

Bagge assumed that, at high energies, U, the formation of surface 
waves on the nuclear surface was possible, these resulting in a 
mean increase in nuclear radius and consequent decrease in the 
barrier. This decrease in barrier with increasing temperature is 
shown in Table 7. 


TABLE 7 


Mean excitation energy U (MoV) 

0 

170 

500 

830 

Estimated barrier height observed 

(MeV). 

— 

11 

5 

3 

Mean conventional barrier height 

(MeV). 

13.0 

11.8 

10.7 

9.5 

_ , observed 

Ratio - - —. 


0.94 

0.47 

0.31 

calculated 

Ratio computed by Bagge . . . 

- 

0.70 

0.57 

0.52 


Despite these refinements in the theory, Bagge was unable to 
obtain satisfactory agreement with the data of Obtnbr [1940] 
from stars in silver and bromine, which showed a peak in the 
energy spectrum at only 2—3 MeV. Although both authors explained 
the discrepancy on a hypothesis of fission of the nucleus it appears, 
in the light of subsequent experiments, that the pncuracy of the 
observations was open to question. 
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With the introduction of the Ilford B2 and C2 concentrated 
emulsions, more accurate observations of the energy spectra became 
possible. (Harding, Lattimore and Perkins [1949]; Page [I960]; 
Perkins [1950a]; Bernardini, Cortini and Manfredini [1950]). 

Harding et al . determined by the method of grain-counting, 
the energy distribution of low energy protons from stars in silver 
and bromine for four ranges of excitation energy U (Pig. 19). The 
values of U were estimated from the number of charged particles 
and their mean energy, allowance being made for emission of equal 
numbers of neutrons and protons. Their figures were amended by 
Perkins [1950a] such that the number of neutrons emitted was 
that resulting in a stable residual nucleus. Account was taken of 
“cooling” by the Bagge method, and the proton distribution was 
calculated from the neutron spectrum, by multiplying by the 
quantum-mechanical barrier penetrability. Assuming the Fermi 
gas model, these authors computed the constant K in (2a), and 
found a value in very good agreement with the theoretical one 
(K ~0.1). The variation of initial temperatures with excitation 
energy U was determined and found to be in good agreement with 
the formula U = KAT 2 . This may be regarded as confirmation 
of the Fermi gas model of the nucleus. 

Harding et al. also carried out similar computations for the 
“liquid drop model” of the nucleus. When a liquid drop is thermally 
excited - at high temperatures this applies also to a nucleus - both 
surface and volume waves are possible. At high energies, only 
volume waves will be important. If, therefore, one assumes that 
all the energy U is concentrated in volume waves, one finds U = 
const. T 4 . 

This model gives a much slower rate of increase of temperature 
with U than the Fermi gas model, and the above authors showed 
that it predicted too few high energy protons for large values of U. 

In their treatment of the “cooling” both Bagge and Harding 
et al. assumed zero correlation between neutron and proton emission, 
so that the two processes were treated quite independently. Such 
correlations have been allowed for in an extension of the evaporation 
theory in two recent papers by *LE Couteur [1950], who took 
into account both the neutron excess and the eifect of thermal 
expansion of the nucleus. 

In his analysis, Le Couteur, with more exact expressions for the 
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energy loss per particle emitted, obtained the probabilities at any 
instantaneous temperature for the emission of six different types 
of particles — neutrons, protons, deuterons, tritons, alpha- 



Fig. 19 - Energy distributions of protons (a, b, c) and a-partioles (d, e, f) 
emitted from stars of different prong number, in silver and bromine nuclei, 

02 emulsion. 

(a) and (d) stars of 3-6 prongs (excitation energy U 170 MeV). 

(b) 10—14 prongs (U ^ 550 MeV) 

(c) 16—22 prongs (U ^ 700 MoV) 

(e) 7 — 16 prongs (17 ^ 600 MeV) 

(f) 17—31 prongs (U ^830 MeV). 
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particles and He 3 nuclei. These probabilities he integrated over 
the whole emission process, and in this sense allowed for “cooling 
down” of the nucleus. 

Le Couteur found that the best fit with experimental data was 
obtained on the assumption of a decrease in potential barrier with 
increasing excitation energy as first suggested by Bagge. This point 
will be further discussed below. 

Somewhat similar calculations have been made by Ftjjimoto 
and Yamaguohi [1949a, 1950a], They neglect the thermal expansion 
of the nucleus, which is in any case small, and take into account 
correlations between neutrons, protons and a-particles only. They 
have also considered the fluctuations in the number of particles 
evaporated. (See § 8. 7). 

Decay protons 

Le Couteur calculated the excitation energy at which the pro¬ 
bability of proton, neutron or a-particle emission is equal to that 
of y or /3-decay. The threshold energies he found are: 

Q n = 10 MeV, Q v = 7 MeV, Q a = 9 MeV. 

Thus, if after emission of the penultimate nucleon, the excitation 
energy lies between 7 and 10 MeV, a proton is emitted (with kinetic 
energy between 0.5 and 3.5 MeV); if below 7 MeV, y-rays are 
emitted. At 9 MeV, proton emission is, of course, much more likely 
than a-emission. 

Le Couteur’s estimate of the number of decay protons was 
~ 0.2 per star. This number is almost constant, increasing slightly 
at low excitation energies. 

This mechanism probably explains the slight discrepancy at low 
energies between the experimental and the theoretical results in 
Fig. 19a. The decay process was also proposed independently by 
Fujimoto and Yamaguohi [1949b]. 

8. 3 Energy distribution of low energy a-particles 

The distribution in energy of slow a-particles (E < 50 MeV) 
from stars has been determined by Harding et al, [1949], Page 
[1950], Perkins [1950a] and Bernadini, Cortini, and Manfredini 
[1950]. Owing to the very high grain densities of such tracks, the 
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energies were determined by range measurement. Fig. 19 shows 
measurements by Perkins at different excitation energies. The 
energy spectrum of a-particles from stars in Ag Br containing less 
than 7 prongs was obtained by subtracting from the distribution 
for stars in both light and heavy*nuclei of the emulsion, the 
normalized distribution from the light nuclei only. The latter was 
deduced from observations on gelatine “sandwich” plates. 

It will be seen that the most probable energy of the a-particles 
decreases with the increasing excitation energy. 

The effective height of the barrier to a-particles deduced from 
these results is given below as a function of excitation energy, 
(Table 7). The third row of the table gives the barrier height in the 
ground state, of a nucleus having a charge equal to the mean of 
that of the nucleus before and after the evaporation process. At 
800 MeV excitation energy, the observed barrier has dropped to 
one-third of the calculated value. 

The figures given in the last row of the table were computed 
by Bagge [1944] on the assumption that all the thermal energy 
was concentrated in surface waves. However, when the effects of 
Coulombian repulsion between protons inside the nucleus and the 
variation of surface tension with nuclear temperature are considered, 
a further substantial reduction in the barrier will be obtained 
(Bagge; private communication). It therefore appears that the 
observations may be satisfactorily explained on the hypothesis 
of surface oscillations of the nucleus. 

It has been pointed out by Le Couteur that, despite the lowering 
of the barrier, the low energy end of the proton spectrum (below 
5 MeV) will not change significantly with excitation energy, on 
account of the decay protons. Their absolute contribution is more 
or less constant, and their percentage contribution to the spectrum 
varies inversely as the prong number. The decay protons therefore 
mask the increased contribution of low energy protons due to 
decrease in barrier. Furthermore, the alpha/proton emission ratio 
increases as the barrier drops, and this factor also reduces the 
contribution of low energy protons at high excitation energies. These 
considerations can probably account for the small proportion of 
slow particles in the proton spectrum at high excitation energies, 
in contrast with that in the a-spectrum. 
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8. 4 Angular distribution of low energy protons 

The angular distribution of low energy protons was measured 
by Blau and Wambacher [1937], Harding et al. [1949], Bernar- 
dini et al. [1950] and others. On the evaporation model, the 
particles should be emitted isotropically from the nucleus. In the 
case of a silver or bromine nucleus, the downward velocity /? = v/c 
transferred to it when excited to an energy U (MeV) will be of the 
order of 10 -6 U, and for thermal excitation energies below 1000 
MeV is therefore ^ .01. 

The fractional excess of evaporated protons of energy J?(MeV) 
projected downward in the laboratory system will therefore be 
less than 0.2/1/i?, which is therefore very small for the proton 
energies considered. 

The measurements of Harding et al. and Bernardini et al. 
indicate that the protons below 30 MeV in stars of more than 7 
prongs are ejected almost isotropically from the nucleus. A more 
precise check of the isotropy of ejection of the protons can be 
obtained by measuring the downward excess of these particles. 

The following table shows the downward excess of protons of 
energy between 0 and 30 MeV, obtained at the Jungfraujoch. At 
this height the star-producing radiation is fairly well collimated 
and the forward excess relative to the vertical is not very different 
from that relative to the primary. The results were obtained by 
subtracting from the results for protons of 0 < E < 50 MeV, 
(Perkins [1950a]), the contribution of those between 30 and 
50 MeV as estimated from the observations of Brown et al. ([1949]; 
I) and Harding [1951]. 

The downward momentum of the nucleus (in MeV/c) can be 
taken as numerically equal to the excitation energy (in MeV) as 
calculated from the star prong number, (Harding [1949]). From 
the average energy of the ejected protons, one can then estimate 
the expected downward excess, assuming isotropic emission from 
the moving nucleus. There is good agreement with the observed 
downward excess (Table 8). 

This conclusion is valid even for the largest stars observed 
(thermal excitation energy U ~ 800 MeV). Thus the evaporation 
hypothesis holds fairly accurately for low energy protons up to 
excitation energies comparable with, or exceeding, the total nuclear 
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TABLE 8 


Average number of black 
prongs (protons up to 

30 MeV). 18 13 8 

Estimated value of excit¬ 
ation energy U (MeV) 830 610 390 

Observed downward 

excess of protons (38 ± 24) /600 (18 ± 23) /513 (14 ± 16) /279 

(0—30 MeV). =0.063 ±0.040 =0.035 ±0.045 =0.50 ±0.057 

Calculated downward 

excess of protons. . . 0.08 0.005 0.039 


binding energy. From these measurements one can conclude that 
“knock-ons” in the 0—30 MeV region represent less than 5/p % 
of the evaporation protons, where p is the downward excess for 
such knock-ons. 

8. 5 Angular distribution of low energy a-particles 

The zenith angle distribution of a-particles (E < 50 MeV) from 
stars was measured by Perkins for three ranges of excitation 
energy. The results are given in Table 9. Considering the two larger 
groups of stars, the downward excess of the a-particles calculated 
on the evaporation hypothesis is 0.09, that observed is .03 ± .04. 
The discrepancy is only just outside the standard deviation, and 
can hardly be considered significant. 

TABLE 9 


Number of black prongs 18 13 8 

Estimated value of U 

(MoV). 830 610 390 

Observed downward (0 ± 18) /322 (12 ± 17) /296 (18 ± 13) /168 
excess of a-particles =0.019 ±0.057 =0.041 ±0.042 =0.107 ±0.078 

Calculated downward 

excess of a-particlcs . 0.10 0.079 0.054 


Crussard [1950] has measured the average value of the cosine 
of the angle 0 between the a-particle and the star-producing primary 
in 05 emulsion. He also finds that for a-particles of energy below 
00 MeV in stars of more than 8 prongs, the angular distribution 
is consistent with isotropy. 
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8. 6 Emission probabilities for various types of particles 

The probability of emission of various types of particles can be 
calculated from the formula of Weisskopf [1937], and this con¬ 
stitutes a further point of comparison of the evaporation theory 
with observations. (Le Couteur [1950]; Fttjimoto and Yama- 
gtjchi [1950]). 

(i) alpha-proton emission ratio 

A quantity readily obtainable from observations on stars is the 
ratio, R, of doubly to singly-charged particles emitted. (Harding 
et al. [1949]; Page [I960]; Perkins [1950a]; Bbrnardini, 
Cortini and Manfredini [1950]). The doubly-charged particles 
consist of a-partioles and He 3 nuclei; the singly-charged are protons, 
deuterons and tritons. R is, however, nearly equal to the ratio 
of a-particles to protons. Averaged over all stars, Bemardini 
et al find a ratio of 0.35; Page an average value of 0.37 for stars of 
more than six prongs; Perkins obtained rather higher values (0.5 
for stars of more than 6 prongs). The reason for this discrepancy is 
not clear. 

All the measurements, however, give the same order of magnitude 
for the ratio, which is found to change only slowly with excitation 
energy. In Fig. 20 are shown the experimental results of Page 
and Perkins. Perkins’ results were corrected at small prong num¬ 
bers for the contribution due to light nuclei, and at high prong 
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.Fig. 20 - The variation of the ratio R of the numbers of doubly to singly 
charged particles emitted from stars, as a function of the number of black 
tracks. The dotted curve shows the result of the calculations of Le Couteur 
(1950a) using his parameter *a\ 
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Plate III 




A star of typo II -J- 8]) in which two mesons of energy ^ 80 MeV are ejected 
backwards in the laboratory system. Three of the forward shower particles 
have been identified as n -mesons. 
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Plate IV 



Ail ©vent in which a star of type 1 -j- 9p is initiated by a shower particle 
from a star of type 3 -f- 6p. 
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numbers for heavier fragments which could have been recorded 
as a-particles. In the same graph is plotted a curve calculated by 
Le Couteur for Ag and Br nuclei. 

It has been pointed out by Le Couteur that in Weisskopf’s 
formula there are no explicit factors representing the “probability 
of existence” of. a-particles inside the nucleus, and that if such 
factors were introduced, one would no longer obtain agreement 
with the experimental data. These “existence factors” only enter the 
formula through the dependence of the level density of the residual 
nucleus on the mass, binding energy and charge of the emitted 
particle. This dependence is especially important at high energies, 
and accounts for the maximum in the theoretical a-proton ratio. 

(ii) The proportion of tritons and deuterons in the singly-charged 
particles 

For stars of about ten prongs, Le Coutette [1950] gives a ratio 
of about 0.3 for the proportion of deuterons and tritons in the 
singly-charged particles, (H 1 , H 2 , H 3 ). An experimental check on 
this ratio is rather difficult to obtain. Differentiation between 
protons and the heavier isotopes of hydrogen is possible by grain 
counting only if the tracks of the particles are of long range and if 
they come to rest in the emulsion. Harding et al. report that on 
the assumption of identical energy spectra, only about 20 ± 5 % 
of the singly-charged particles emitted in stars of more than 7 
prongs are H 2 and H 3 . 

A second and more accurate method for differentiating between 
deuterons, tritons and protons is the measurement of the multiple 
scattering as a function of residual range. Menon and Rochat 
[1951] identified those particles in the energy range 15—50 MeV. 
Again assuming identical energy spectra, they find an emission 
ratio of (H 2 H- H 3 ) to (H 1 -1- H 2 + H 3 ) of 0.21 ± .08 for stars of 
less than 7 black tracks, and of 0.43 ±: . 15 for stars of more 
than 7 prongs. These figures are in rough agreement with the 
grain-counting results and the predictions of Le Coutexir. (It should 
be pointed out that the scattering results will include some knock-on 
particles with energies above 30 MeV). 

8. 7 Relation between prong number and thermal excitation energy 
A relation which is very useful in the interpretation of nuclear 
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disintegrations is that between the number of black prongs, N t , 
and the mean thermal energy V (Pig. 21). 



Fig. 21 - The relation between the excitation energy U in MeV and A 7 hlack . 
The full curve is that calculated theoretically by Le Couteur; the broken 
line shows the experimental results of Perkins. 

The experimental data give the average value of U for a given 
range of prong number; the theoretical curve of Le Couteur gives 
the mean prong number for fixed U. There appears to be good 
agreement between experimental and theoretical curves, which are 
well approximated by the relation U = (40 + 42 N b ) MeV. 

Fttjimoto and Yamaguchi (1949a] have investigated the 
fluctuation?* to be expected for fixed XJ , in the total number of 
particles, v , emitted (neutrons, protons and a-particles). They 
find a roughly Gaussian distribution, the standard deviation about 
the mean value being ~ ]/v. 

In the evaporation process, the relative probability of emission 
of protons or neutrons is rather strictly regulated at each instant 
by the temporary neutron excess or deficit; this strong correlation 
implies that the fluctuations in relative numbers of neutrons and 
protons emitted will be negligible, for large v. 

On the other hand, the emission of a-particles is only weakly 
correlated with that of the neutrons and protons, and the fluctu¬ 
ation about the mean number of a-particles will therefore be 
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practically Poissonian. Thus the deviation about the mean number 
of charged particles (protons and a-particles) emitted will be only 
slightly smaller than \/N b . 

Since U is a linear function of N t it follows that, for a fixed 
prong number, the fluctuations on U will also be Gaussian with 
deviation |/42 U. 

9. Emission of heavy fragments in stars 

In addition to the emission of individual nucleons or small 
nucleon aggregates, a characteristic process which is found especially 
in the bigger stars, is the ejection of larger nuclear fragments, 
heavier than a-particles (Bonnetti and Dilwokth [1949]; 
Hodgson and Perkins [1949]; Sorensen [1949, 1951]; Lovera 
[1947]; Schopper [1947]; Perkins [1950b]; Crussard [1950]; 
Marqtjez and Perlman [1951]). In what follows we shall use the 
term fragment to denote any nucleus with mass greater than that 
of an a-particle. 

The fragments have been identified in various ways. Perhaps 
the most reliable method for determining the charge Z is that of 
<5-ray counting. This method was used by Sorensen, Bonnetti and 
Dilworth, Perkins and Crussard. It suffers from the disadvantage 
that it can only be applied to fragments of long range. If the 
fragment has a fairly high charge, it may show a decrease of 
ionisation or “tapering” at the end of the range, which can be used 
to determine the charge (Freier, Lofgren, Ney and Oppenheimbr 
[1948] and Perkins [I960]). This method is, however, rather 
inaccurate. 

In those cases where the ejected fragments are unstable they 
may disintegrate either in flight or after coming to rest. In the 
former case, the disintegration products will sometimes emanate 
from the star in the form of a narrow cone. In this way, Perkins 
identified the fragments of Be 8 (-> 2He 4 ), B® (-»■ 2He 4 + H 1 ) and 
O 10 (—> 4He 4 ); these results were confirmed by Crussard. Alter¬ 
natively the fragment, if /5-active, will disintegrate after coming 
to rest (e.g. Li 8 —>2He 4 + s~). See Plate VI. 

9.1 Frequency of fragment emission 

We shall first investigate to what extent fragment emission may 
be viewed as an evaporation process. 
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A readily identifiable fragment is that of Li 8 which shows the 
characteristic “hammer” track. The frequency of emission from 
Ag and Br nuclei, as a function of excitation energy, has been 
measured by Hodgson [1951] and his results are shown in Table 10. 

TABLE 10 


Approximate excitation 


energy U (MeV) . . . 250 

600 

800 

Number of tracks ... 6 

13 

19 

Number of observed 

hammer tracks/star . 0.003 ± 0.001 

0.012 ±0.007 

0.03 ± 0.01 

Number/star calculated 



for evaporation process 

(Le Couteur) .... 0.005 

0.011 

0.013 


It is here assumed that all the hammer tracks are due to Li!; on 
the evaporation theory, the emission of B®, which would also give 
a hammer track, is only about one quarter as probable. 

There appears to be reasonable agreement between the observed 
frequency and the predictions of the evaporation theory. The 
discrepancy for the largest stars is hardly statistically significant. 

The emission of heavier fragments (charge Z = 3 — 10) has been 
described by Perkins [1950]. He finds that the emission probability 
per star for all fragments increases rapidly with excitation energy, 
and is about unity for U above 600 MeV. (Table 11). The relative 

TABLE 11 


Mean number of black 

prongs. 8 13 17 23 

Excitation energy U 

(MeV). 370 600 750 900 

Fragment frequency 

per star.0.2 ± 0.1 0.75 ± 0.2 1.5 ± 0.4 1.4 ± 0.7 


frequencies with which fragments of various charges are found 
to be emitted is given in Table 12. 

TABLE 12 


Z 3 4 5 6 7 8 9 10 

Number 14±6 78±19 17±6 14±6 4±4 8±5.5 4±4 4±4 
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The evaporation theory predicts an absolute frequency of 
fragment emission much smaller than that observed, and a more 
rapid decrease in intensity with increasing mass. 

Quite frequently, stars are observed containing two or even 
three fragments (Bonnetti and Dilworth; Perkins). There is some 
evidence that the probability with which these events are observed 
is greater than would be expected if each individual fragment were 
emitted independently. This is strongly suggestive of a process 
akin to fission occurring in the nucleus. 

Both Sorensen and Perkins established that there was no cor¬ 
relation between the emission of a fragment and the creation of a 
meson shower in the same nucleus. 

9. 2 Angular distribution of fragments 

The results described above for the protons and a-particles, 
namely that the higher the energy of the particles the more strongly 
are they collimated with the primary, is also true for the heavier 
fragments. Their angular distribution has been measured by 
Perkins, Sorensen and Crussard. 

Denoting by E/A the kinetic energy in MeV per nucleon in the 
fragment, 0 the angle with the primary, the results are shown in 
Table 13 and Pig. 22. 


TABLE 13 


Author 

CftTTSSARD 

Perkins 

SORENSEN 

Charge Z of fragment . 

3 — 9 

3-10 

3 

Total number of fragments 

71 

79 

10 


E/A cos 0 

, E/A cos 0 

E/A cos 0 


4-5 0.54 

0-4 0.00 



5-10 0.00 

4-10 0.12 



10-15 0.73 

10-20 0.00 

13 0.05 ' 


15-35 0.96 

20-30 0.87 



For El A greater than 10 MoV there is reasonable agreement 
between the various measurements. Below 10 MeV there is a 
discrepancy between the results of Perkins and those of Crussard. 
However, the statistical errors associated with the observations 
are large, and on account of the difficulty in identifying and 
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measuring the energy of the fragments with any precision, there 
may well be a systematic error in both sets of observations. 



ENERGY m MfiV 

Pig. 22 - Variation with kinetic energy, of cos 0, the average cosine of the 
angle with the primary, for protons, a-particles and heavier fragments 
emitted from stars. The results of Crussard and Perkins for energetic heavy 
fragments have been combined. 

9. 3 Emission of low energy fragments (less than 4 MeV per 
nucleon) 

In the large stars at least, it seems fairly certain that the frag¬ 
ments cannot usually result from the nuclear evaporation, and the 
observations are in fact somewhat suggestive of a process of fission. 

When the nucleus is highly excited it is to be expected that, 
because of the reduced ‘Viscosity” of the nuclear matter, energy 
may be concentrated in both volume and surface oscillations 
rather than in heating the nucleus as a whole. Evidence for such 
surface waves was found above from the energy spectra of the 
a-particles. At high temperatures, because of the rapid drop of 
surface tension with increasing nuclear temperature, fission as a 
result of surface oscillations should be very probable (Fujimoto 
and Yamaguohi [1950b]). According to these authors, the fission 
width will be comparable with the neutron width when the thermal 
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excitation energy U exceeds the total nuclear binding energy 
(800 MeV). This point seems to be borne out by Table 11. 

On this “fission” hypothesis, the mean downward velocity 
component of the fragments should be about equal to that of the 
parent nucleus, as is the case for the evaporating protons and 
a-particles. Considering only those fragments of energy below 
4 MeV per nucleon, Perkins finds a value of 0.013 ± .006 for this 
downward velocity — a figure which is certainly consistent with 
the value estimated from the excitation energy (see Table 8). The 
average energy acquired by these fragments would appear to be 
explained quite satisfactorily in terms of electrostatic repulsion 
from the parent nucleus. 

9. 4 Emission of high energy fragments (more than 4 MeV per 
nucleon) 

However, the considerations above cannot explain the pro¬ 
duction of high energy fragments. The latter are strongly collimated 
in the direction of the primary particle and they must obviously 
be generated in a preliminary process. As has been shown by 
Sorensen [1951], they do not in general result from a direct 
knocking on by the primary particle, and they are not correlated 
with the creation of meson showers. 

The energetic fragments must therefore as a rule result from 
interactions intermediate between this extreme and that of statisti¬ 
cal equilibrium. In this sense they are in the same category as the 
“grey” protons (§ 7). 

A striking feature of the energetic protons, a-particles and 
heavier fragments is the strong correlation between energy and 
angle 0 with primary, (Fig. 22). 

From this graph one sees that for a given cos 0 the energy of the 
particles decreases with increasing mass. Although the details of 
the actual emission process may be rather complicated, this result 
is what would be expected from the conservation laws if the par¬ 
ticles resulted from a small number of elastic collisions. 

In collisions between high energy nucleons and fragments it 
seems necessary not only to postulate the temporary existence 
of nucleon aggregates inside the nucleus, but also to invoke nuclear 
forces of long range which can act over an assembly of nucleons 
without breaking it up. Similar interactions are met with in the 
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fragmentation, processes occurring when heavy primary cosmic 
ray particles collide with nuclei. 

10. Conclusions 

As in § 6 we may summarise the observations described in the 
preceding sections in the following general conclusions: 

(1) Particles with energies below about 1 BeV have a very 
low probability of generating further mesons and we have assumed 
that only elastic collisions are important. 

(2) Energy from the primary interaction is transferred to 
further nucleons by the successive elastic collisions, until approxi¬ 
mate statistical equilibrium throughout the nucleus is established. 
By this time the faster nucleons have already escaped. These 
nucleons have energies between about 30 and 1000 MeV; those of 
highest energy are most strongly collimated in the direction of 
the primary. 

(3) The protons (and neutrons) emitted with kinetic energies 
less than 30 MeV, and the a-particles below 50 MeV, have energy 
distributions in good agreement with those expected from the 
evaporation theory. The observed isotropy in the coordinate 
system of the nucleus is, however, probably the strongest argument 
in favour of the statistical model. This conclusion holds up to the 
highest “thermal” excitation energies considered (U ~ 800 MeV). 

(4) At low excitation energies (< 300 MeV) fragments heavier 
than a-partioles are emitted very rarely, probably in the nrvr mnl 
process of evaporation. 

(5) The observed proportions of protons and a-particles, and of 
deuterons, tritons and protons emitted, is in excellent agreement 
with the predictions of the evaporation theory. 

(6) At high excitation energies, the reduction of “surface 
tension and viscosity” with increasing nuclear temperature 
makes possible concentration of energy 'in surface and volume 
oscillations of the nucleus. The surface deformations result in a 
large decrease in the height of the Coulomb barrier. When these 
are sufficiently great they result in an asymmetrical “fission” of 
the nucleons, and the ejection of heavily charged fragments be¬ 
comes very probable. 

(7) The above considerations apply to protons E/A < 30 MeV; 
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Plate V 



Disintegration, of silver or bromine nucleus by a singly-charged primary 
(A) leading to the emission of two fragments (B) & (0). The charge of (C) 
is greater than 10 units anti its track shows characteristic “taper”. The pair 
of a-particles (B) result from a nucleus of Bo 8 which disintegrates in flight. 
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a-particles EjA < IB MeY; heavier nuclei EjA < 4 MeV ( E/A = 
energy ]ier nueleon). 

(8) u-partioles of energy above 50 MeY, and fragments of energy 
above 4 MEeV per nucleon, are strongly collimated with, the primary, 
in tho samo maimer as the fast nncleons. The evidence suggests 
that these fragments are not correlated -with the creation of mesons, 
nor can they be knocked on directly by the primary particle. It 
seems necessary to postulate long-range components to the nuclear 
forces, and many body collisions, to account for these phenomena. 

11. Outstahdutg peoblbms 

In tho present article we have attempted to give a description, 
largely qualitative, of the radiative and elastic interactions occur¬ 
ring an a result, of the impact of energetic primary particles with 
tho nuclei of the photographic enralsion. 

riio omission of tho low energy particles follows a statistical 
distribution of energy throughout the nucleus and depends hut 
little on tho prope Hies of tho individual collisions. It is found that 
this process can in fact be treated very successfully along purely 
thermodynamical linos. 

On the other liand the interpretation of the experimental 
observations relating to high energy collisions has been unsatis¬ 
factory because (a) of the absence of any comprehensive theoretical 
models for tli<wo high energy radioactive and elastic collisions, and 
(l>) tho cascade of mesons and nucleons which develops in medium 
sized nuclei, and wh ich makes it very difficult to relate directly 
tho quantities observable to the properties of the individual 
collisions. 

It (loots not appear likely that further experimental work on 
these lines will furnish much precise quantitative information 
rolatingtotho.se problem. To overcome this difficulty it appears 
essential to carry out experiments of a moro detailed and pene¬ 
trating nature, in particular those using hydrogen as the target 
nucleus, 

friuoh an invostigabion, is, of course, best carried out with beams 
of artificially accelerated particles. However, the production of 
meson showers* of high multiplicity, and the creation of mesons 
other than n-niOBons, and of nuoleon pairs, is not likely to he 
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attained by such means for some years to come. Meanwhile the 
study of such energetic collisions remains in the province of cosmic 
ray research. In this connection it may be noted that, although 
hydrogen is present in quantity in nuclear emulsions, a systematic 
survey of emulsions for proton-proton and meson-proton collisions 
has not yet been attempted. 

In the immediate future, a detailed study of the interaction of 
low energy jr-mesons with nuclei, at present being carried out with 
both artificially-accelerated and naturaUy-occurring beams of 
rc-mesons, appears to be a very fruitful line of advance, and is 
probably of most immediate help to the theoreticians. 

Whilst the study of the nucleon-nucleon and meson-nucleon 
collisions remains the most urgent problem in nuclear physics of 
the high-energy region, the evidence presented above for many- 
body interactions seems also to be of considerable interest, although 
so far it has received little theoretical consideration. 
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INTRODUCTION 


During a detailed study of the properties of showers of pene¬ 
trating cosmic-ray particles Rochester and Butler [1947] 
discovered two remarkable forks in the gas of their cloud chamber. 
These events, reproduced in Plates I and II, were attributed to the 
spontaneous decay of a neutral and of a charged particle, each of 
minimum mass about 1000 m e . The discovery was first confirmed 
by Anderson and his colleagues (Seriff et ah [1950]) and sub¬ 
sequently by Armbnteros et ah [1951], by Fretter [1951], by 
Bridge and Annis [1951], by Astbury et ah [1951], by 
Thompson et al. [1951] and by Leighton et ah [1951]. 

Professor P. M. S. Blackett has suggested that the term “V- 
shaped track” should be used to describe the phenomena shown 
in Plates I and II. If the claim that these tracks arise from the 
decay of hitherto-unknown unstable particles can be justified, then 
these particles are called V-particles. This nomenclature will be 
used until more information about the properties of the particles 
becomes available. 

The new decay processes have been studied mainly in the Wilson 
cloud chamber, but the observation of one neutral V-shaped track 
in a photographic emulsion has been claimed by Hopper and 
Biswas [1950]. During the course of a detailed study of the //-meson 
decay process in photographic emulsion, O’Ceallaigh [1951] has 
found an example of the decay at rest of a charged V-particle. 

The photographic emulsion technique has been used extensively 
during the last few years for the investigation of nuclear inter¬ 
actions of all types. The decay of a slow particle, heavier than a 
jr-meson, into three charged particles was found by Brown et ah 
[1949]; two examples of the same process were found by Harding 
[1950], These unstable particles, called r-mesons, appear to be 
very rare. 

This article is concerned only with the decay process of heavy 
particles. The first evidence, however, for the existence of a particle 
with a mass between those of the jr-meson and the proton is of a 
different kind. Leprince-Ringuet and L’HiRiTiBR [1946] observed 
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the collision of a fast cosmic-ray particle with an electron in a 
cloud chamber operated in a magnetic field. From the dynamics 
of the collision, the mass of the fast particle appeared to be about 
1000 m e . 

Extensive range-momentum measurements on particles in the 
cosmic-ray beam at an altitude of about 3,000 m. have been made 
by Alikhaniyan et al. [1948], who concluded that many types of 
charged mesons exist. They described these particles as “varitrons”. 

Finally, a few unusual stars in photographic emulsions have been 
observed by several workers, for example, by Leprince^Ringuet 
et al. [1949], Wagner and Cooper [1949] and Forster [I960]. 
These stars were produced by the nuclear capture of particles, 
whose mass was less than that of the proton but greater than that 
of the rc-meson. Estimates of the minimum mass of the incident 
particle can be made; these measurements are not accurate or 
conclusive, but the minimum mass value appears to be about 
700 m 6 . 

A detailed discussion of the properties and modes of decay of 
neutral V-particles is given in Part I. The results of a detailed 
examination of the available data on the decay of r-mesons and 
charged V-particles are given in Part II. 



PART I 


THE DECAY OP NEUTRAL V-P ARTICLES 

1. THE FIRST NEUTRAL V-SHAPED TRACK 

The V-shaped track observed by Rochester and Butler [1947] 
is typical of many that have been found more recently. A description 
of this first event, reproduced in Plate I, serves as an introduction 
to the recent work. Tracks (1) and (2) constitute the V-shaped 
track, the opening angle of which is 67°. These tracks are both at 
minim um ionization and must have been due to singly-charged 
particles. Careful reprojection of the stereoscopic photographs 
shows that the tracks are copunctal; moreover, the tracks start at 
a point well inside the illuminated region of the cloud chamber 
where the presence of uniform background condensation indicates 
that the conditions for track condensation were excellent. The 
event is a two-pronged fork with the apex in the gas; there is no 
sign of a recoil track or evaporation tracks from the apex. In these 
sea-level experiments, very few events at all similar to this fork 
were observed in the 3.4 cm. lead plate which was across the 
centre of the chamber, but if the fork were due to any typo of 
collision process, one would have expected several hundred times 
as many in the plate as in the gas. Rochester and Butler con¬ 
cluded that the fork could not have arisen at a collision, but must 
have been due to a spontaneous process for which the probability 
depended on the distance, and not on the amount of matter, 
traversed. 

This V-shaped track was observed in a magnetic field of 3500 
gauss. The momentum of the positive particle, track (1), was 
approximately (0.2—0.3) BeV/c and, since the ionization was 
indistinguishable from the minimum value, it was unlikely to have 
been a proton. As the track of the negative particle is very short, 
reliable momentum measurements cannot be made. However, if 
the neutral particle decayed into only two particles, both charged, 
and assuming that the path of the neutral V-particle followed the 
general direction of the main shower, a momentum range of 
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(0.7—1.0) BeV/c is estimated for the negative particle. If it is 
post ulat ed that the secondary particles were jr-mesons, an assump¬ 
tion which will be discussed in detail in §§ 5. 2 and 6. 2, then the 
mass of the neutral V-particle lies within the range (1000—1200) m e . 

The work of Rochester and Butler was continued at sea-level by 
Butler et al. [1950] and by Barker and Butler [1951], but no 
further example of this decay process was found. 

2. Investigations of V-shaped tracks 

Since the summer of 1949, several extensive investigations of 
the properties of V-shaped tracks have been started. In particular, 
Anderson and his colleagues (Sebiff et al. [1950]) have worked at 
sea-level and on White Mountain (3200 m.). The apparatus used 
by Rochester and Butler has been installed in the observatory 
on the Pic-du-Midi (2867 m.) near Bagn&res de Bigorre in the 
French Pyrenees, and a preliminary report covering the first 6 
months operation has been given by Armenteros et al. [1951], 
Later reference to these workers describes them as the Pic-du-Midi 
group. Cloud-chamber studies have been started by Fretter 
[1951], by Bridge and Annis [1951], by Astbury et al. [1951], 
by Thompson et al. [1951] and by Leighton et al. [1951]. 

2.1 Experimental arrangements used for the detection of neutral 
V-shaped tracks 

Seriff et al. [1950] employed a small magnet to provide a field 
of 6500 gauss across a cloud chamber, 30 cm. in diameter, fitted 
with a 2 cm. lead plate. The air gap in the iron circuit was just 
large enough to take the chamber, which was triggered by a 
Geiger-counter arrangement. It then fell freely and was photo¬ 
graphed when clear of the magnet coils. Unfortunately, distortions 
occurred in the chamber, presumably due to convection currents 
operating during the rather long time of free fall before the photo¬ 
graph was taken; consequently it proved almost impossible to 
make reliable momentum measurements above 0.2 BeV/c. 

Seriff et al. used a six-fold coincidence arrangement of Geiger 
counters to select showers of penetrating particles; two trays of 
counters were situated above the chamber and one below. To 
expand the chamber, three particles were needed in the top tray, 
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two in the second tray, which was immediately above the chamber, 
and one in the bottom tray. The top counters were shielded by a 
transition layer of about 20 cm. of lead and the second tray was 
separated from the top tray by 5 cm. of lead. 

The magnet and cloud chamber on the Pic-du-Midi are installed 
in a laboratory of permanent construction and the conditions of 
operation are as favourable as in the laboratory at sea-level. With 
a field of 7500 gauss, the maximum detectable momentum is 
8 BeV/c for tracks of at least 6 cm. length. The six-fold counter 
arrangement is shown schematically in Pig. 1 and may be compared 
with that of Seriff et al . already described. 



Fig. 1 - Side view of the cloud chamber operated on the Pic-du-Midi. 

The counting rate of these two counter arrangements is approx¬ 
imately 7 c.p.h. at 3000 m. altitude. At least half the counts must 
arise from interactions of high-energy neutrons and protons which 
produce penetrating showers. The arrangement of Seriff et al. is 
more compact and is probably sensitive to showers of lower energy 
than those photographed on the Pic-du-Midi, whose mean energy 
is estimated to be greater than 10 BeV. The arrangement used on 
the Pic-du-Midi appears to have several advantages over that of 
Seriff et al . A greater yield of tracks in the chamber is achieved 
since at least three particles must traverse the counters below the 
chamber, whereas Seriff et al. require only one particle. Past 
protons and neutrons can interact in the top 15 cm. lead layer 
and protons can interact in the lead immediately above the chamber 
and in the lead plate inside the ohamber. Hence showers of fast 



70 


UNSTABLE HEAVY PARTICLES 


particles can be produced quite close to the top of the chamber. 
This is a great advantage if the neutral V-particles have a short 
lifetime. The arrangement of Seriff et al.. requires multiplicity- 
above the chamber, and most of the showers originated at least 
20 cm. above the top of the chamber. 

Astbury et al. [1951] have recently installed a 60 cm. cloud 
chamber in an electromagnet on the Jungfraujoch (3200 m.) and 
have found several Y-shaped tracks during the preliminary experi¬ 
ments. Thompson et al. [1951] have started experiments at sea- 
level, using a 30 cm. chamber in a magnetio field. They have made 
momentum measurements on several V-shaped tracks. 

Fretter used a large chamber at sea-level containing 7 plates 
each 6 mm. thick with 5 cm. gaps between them. He employed a 
non-selective 3-fold coincidence arrangement consisting of one 
counter above the chamber and two below, separated from one 
another by a thin block of lead. Bridge and Annis also used a 
large multiplate cloud chamber without a magnetic field but they 
worked at 3000 m. altitude. The triggering system was a pene¬ 
trating shower set, of the type used by Tinlot [1948]. For part of 
the time this set was immediately on top of the chamber, but for 
the remaining time it was 150 cm. above the chamber. Most of the 
observed V-shaped tracks came from secondary nuclear interactions 
in the lead plates. This disposition of counters was employed in a 
study of penetrating showers and was not intended to be an 
efficient arrangement for the detection of V-shaped tracks. 

2. 2 Statistical data 

The results of the four groups of workers available to the author, 
(up to April 1st, 1951) are outlined in Table 1. 

Fretter and the Pic-du-Midi group both found one neutral 
V-shaped track per 25 high-energy interactions in the lead plates. 
In addition, the latter found approximately one neutral V-shaped 
track per 100 penetrating showers initiated above the chamber. 
A more detailed analysis of the Pic-du-Midi results is given in 
Table 2. 

The counting rate, corrected for the chamber re-setting time 
was (7.2 ± 0.1) c.p.h. For series A and C, the number of penetrating 
showers has been found using the following definition. A shower is 
described as a penetrating shower if it contains two or more pene- 
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TABLE 1 
Statistical data 


Group 

Seriff et al 

Fretter 

Pic-du- 

Midi 

Bridge 

and 

Altitude 

sea-level 

3200 m. 

sea-level 

2867 m. 

Annis 
3200 m. 

Approximate no. of 
photographs ..... 

3,000 

8,000 

17,000 

10,000 

10,000 

Approximate no. of 
penetrating showers 
from above chamber 

5,000 

0 

5,000 


No. of interactions in 
lead plate. 

_ 

_ 

600 

200 

— 

Total no. of neutral 7- 
shaped tracks .... 

6 

24 

24 

53 

4 

No. of 7-shaped tracks 
from above chamber . 

25 

0 

44 

— 

No. of 7-shaped tracks 
from lead plates . . 

5 

24 

9 

4 


trating particles or one penetrating particle and one or more 
heavily-ionizing particles. The lead plate was 7 mm. thick in series C 
so that the penetrating power of the particles listed in the last 
column was not very great, and therefore a few electrons will have 
been counted as penetrating particles. Approximately 200 nuclear 
interactions of all types, nine of which had associated V-shaped 
tracks, were observed in the lead plate during series A and 0. 


TABLE 2 

Analysis of Pic-du-Midi data 15th July 9 1950 to 1st M arch, 1951 


Series 

Thickness 
of lead 
plate (om.) 




■' ' 

A 


5,539 

727 

615 

1,844 

B 


2,390 

370 

— 

— 

C 


2,213 

316 

467 

1,540 

Total . . 


10,142 

1,413 

1,082 

3,384 


l ) excluding the chamber re-setting time. 
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PLATE I 

The decay op a neutral V-partiole produced above the chamber 
(Rochester and Butler [1947]) 

The momentum of the positive track (1) is (0.2—0.3) BeV/c. Track (2) 
cannot be measured. The angle of the fork is 67°. If the path of the neutral 
V-particle followed the general direction of the main shower and provided 
that there were only two secondary particles, then the momentum of 
track (2) must he within the range (0.7 —1.0) BeV/c. 

The positive particle was not a proton, and the fork may he interpreted 
by the decay scheme: 

yo *+ + n - 

whero the mass of the neutral V-particle is about 1100 m e . 


PLATE n 

The decay op a positive V-particle produced above the chamber 
(Rochester and Butler [1947]) 

The incident particle, track (1), wets apparently deflected through 19° 
in the gas. The positive secondary particle subsequently penetrated the 
3.4 cm. lead plate. Track (1) cannot be measured, track (2) has a measured 
momentum of 0.77 BeV/c below the plate. 

The V-shaped track was due to the decay in flight of a positive V-partiole 
into a charged particle, probably a rrr-meson, and one or more neutral 
particles. Because the momentum of the V-particle cannot be measured 
its mass cannot be calculated. If different decay schemes are assumed then 
the minimum mass for each can be calculated. The values for a number 
of possible schemes axe given in Table 11 of § 11. 5. 






Plate II (see § 11. 1) 
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Plate III (see § 2. 3) 
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The origin or a neutral V-particle 
(Fretter [1951]) 

A high-energy nuclear interaction was produced in the 3rd lead plate 
by a charged particle- The V-shaped track can be seen between plates 3 
and 4. The path length of the neutral V-particle was probably less than 
2 cm. Both secondary particles appear to be at minimum ionization; the 
right-hand particle penetrated at least two plates and suffered a large scatter 
in the 4th plate. 
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2. 3 The source of the neutral V-shaped tracks 

Almost all the V-shaped tracks obtained by Fretter pointed 
back towards high-energy nuclear interactions in the thin lead 
plates. These interactions are typical of those produced by protons 
and neutrons of energy greater than 5 BeV. Nine of the neutral 
V-shaped tracks obtained on the Pic-du-Midi are of a similar type. 
The production of neutral particles, responsible for V-shaped 
tracks, is shown in Plates III, IV and V. 

3. The nature of the secondary particles 

In most cases the two charged secondary particles cannot be 
identified unambiguously by the usual cloud-chamber techniques. 
They are always singly charged and occasionally are heavily 
ionizing or are seen to penetrate a lead plate without multiplication 
or interaction. 

3.1 Heavily-ionizing secondary particles 

Seriff et al., Fretter, Bridge and Annis, Thompson et al. and 
the Pic-du-Midi group all report the occurrence of heavily- 
ionizing particles among the secondaries. If momentum measure¬ 
ments can be made and, at the same time, estimates of the degree 
of ionization, then the particles may often be identified with 
considerable certainty, but in no case have both secondary particles 
been identified at the same time. Seriff et al. found one slow 
particle with a mass between 150 m 4 and 350 m 4 . In five other 
cases, they found that the mass of one secondary particle must be 
less than that of the proton. One event appeared to consist of two 
heavily-ionizing tracks which could not be identified, presumably 
owing to distortions in the chamber. This event is illustrated in 
Plate VI. Fretter, and Bridge and Annis have found several examples 
of heavily-ionizing secondary particles, but no identifications could 
be made. Thompson et al. have identified two slow protons at 
sea-level. 

The Pic-du-Midi group have found nine heavily-ionizing particles, 
which have been separated into protons and negative %- or /i- 
mesons. Five of these slow particles oan be identified, with 
considerable certainty, as protons; an example is reproduced in 
Plate VII. 
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PLATE IV 

The origin - or a neutral V-particle 
(Fretter [1951]) 

A high-energy nuclear interaction was produced in the 4th lead plate. 
The neutral V-shaped track can be seen between the 4th and 5th plates 
and consists of a heavily-ionizing track and one at substantially minimum 
ionization. The slow particle was absorbed in the 5th plate; the thin 
secondary track can be traced almost to the 7th plate and was appreciably 
scattered in the 6th plate. 

From the orientation of the V-shaped track with respect to the point 
of formation of the V-particle, it can be concluded that the momentum 
of the slow particle was higher than that of the penetrating secondary. 
It is most probable that the slow particle was a proton and that the other 
secondary particle was a meson. 



Butler- 


Plate IV (see § 2. 3) 
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Plate V (see §§ 2. 3 and 6. 2) 



Plate VI (see § 3. 1) 
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PLATE V 

A BACK-SCATTERED NEUTRAL V -PARTICLE 

(The Pio-du-Midi group) 

A very high-energy nuclear interaction occurred in the 7 mm. lead plate; 
several slow particles can be seen below the plate in addition to many 
fast particles which were probably protons and mesons. The interaction 
was secondary to one of still higher energy which occurrod above the 
chamber. Tracks (1) and (2) form the backscattered neutral V-shaped 
track; the angle between them is 77°. 

The momentum of the positive track (1) is 0.27 BeV/c and that of the 
negative track (2) approximately 0.13 BeV/c. It was probably due to a 
negative jc-meson. The positive particle cannot have been as heavy as a 
proton and it is concluded that the fork can be interpreted by the decay 
scheme: 

V§ -> n + + 

where the mass of the neutral V-particle is about 700 m e (cf. Table 9 of 

§ 6 . 2 ). 


PLATE VI 

A NEUTRAL V-SHAPED TRACK WITH TWO SLOW SECONDARIES 

(Seriff et al . [I960]) 

Tracks (1) and (2) form the neutral V-shaped track, the angle between 
them is about 120°. Because of distortions reliable momentum measurements 
could not be made; some general observations can, however, be made. 
If the line of flight of the neutral V-particlo was parallel with the two 
fast particles, which crossed the top of the chambor, then the momentum 
of track (1) is several times that of track (2), provided that only two 
secondary particles were produced. Track (2) was probably due to a slow 
meson and track (I) to a slow proton but definite identifications cannot 
be made. 
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PLATE VII 

The decay op a neutral V-partiole into a proton and a meson 
(The Pic-du-Midi group) 

Tracks (1) and (2) form the neutral V-shaped track; the angle between 
them is 60.6°. The estimated ionization of track (1) is (3—4) minimum 
and the measured momentum 0.48 BeV/c. The particle can be identified 
with considerable certainty as a proton. The negative secondary had a 
momentum of 0.19 BeV/c and was probably a re-rueson. 

The neutral V-shaped track is interpreted by the scheme: 

v;-*p + + *-, 

where the mass of the neutral V-particle is 2220 m e (cf. Table 7 of § 6. 1). 


PLATE VIII 

An identified negative meson secondary op a neutral V-partiole 
(The Pic-du-Midi group) 

The negative track (1) has a measured momentum of 82 MeV/c (± 5 %) 
and the estimated ionization is (2.6 —3.6) times the minimum value. The 
ionization of a re-meson of this momentum would be 3.0 times minimum. 
The positive secondary particle dipped steeply into the piston; the 
projected angle of the fork is about 27°. 



Butler 


Plate VII (see §§ 3. 1 and 6. 1) 



Plate VIII (see § 3. 1) 








Butler 


Plate IX (see § 3. 2) 



Plate X (see § 3. 2) 
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PLATE IX 

A NEUTRAL V -PARTICLE WITH TWO PENETRATING- SECONDA R IES 

(The Pic-du-Midi group) 

Tracks (1) and (2) constitute a neutral V-shaped track, the angle of which 
is about 6°. The momenta can only be measured below the plate; the 
measured momentum of the positive track (1) is 2.6 BeV/o and that of 
the negative track (2) 3.0 BeV/c. The fact that both secondaries penetrated 
the 2 cm. lead plate without making interactions indicates that they were 
not electrons. 

This V-shaped track can be interpreted most satisfactorily according to 
the scheme: 

-> 7Z+ + 7T, 

where the mass of the neutral V-particie is 796 m e (cf. Table 8 of § 6. 1 and 
also §§ 7. 1 and 7. 2). 


PLATE X 

A NEUTRAL V-SHAPED TRACK WITH AN IDENTIFIED JT-MESON SECONDARY 
(The Pic-du-Midi group) 

A neutral V-particle decayed just above the plate into particles (1) and 
(2). Track (1) is that of the positive particle and cannot ho measured 
precisely but its momentum was probably greater than 1 BeV/c. Track (2), 
that of the negative secondary, is very short above the plate and the 
ionization is probably above the minimum value. Below the 7 mm. pinto 
this secondary was heavily ionizing but was deflected through 23° in the 
gas. The measurements on this particle and its secondary (track 3) are given 
in Table 4 of § 3. 2. Track (2) was due to a m-mefton which decayed in flight 
into a ^-meson, track (3). This photograph provides evidence for the existence 
of rc-mesons among the negative secondaries of neutral V-partioles. The 
positive secondary was probably a proton and the V-particle decayed 
according to the scheme: 

Vj -> p+ + n -. 

There is a second V-shaped track on this photograph, formed by tracks 
(4) and (5), at an angle of about 10°. The positive track (4) has a measured 
momentum of 0.32 BoV/c and that of the negative track (6) is 0.66 BeV/c. 
Neither of the secondaries can have been as heavy as the proton; 
consequently the fork can be interpreted by the scheme: 

VS «+ + a~, 

where the calculated mass of the V§-particlo is about 610 m e (cf. Table 9 
of § 6. 2). 
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The momentum and ionization estimates for these particles are 
given in Table 3. 


TABLE 3 

Momentum and iorvization measurements on five proton tracks 


Event no. 

33 

43 

47 

56 

13 

Momenta (x BeV/c) 
positive track (1) . . 

0.24 

0.48 

0.35 

0.45 

^0.5 

negative track (2) . . 

0.25 

0.19 

0.14 

0.16 

0.12 

Estimated ionization 
of track (1) (X min.) 

8-15 

3-4 

4-0 

3-4 

3-4 

Calculated ionization for 
a proton, assuming 
measured momentum 
(X min.). 

9 

3.0 

5.0 

3.5 

3 


Four negative tracks with momenta less than 0.1 BeV/c are 
heavily ionizing and are probably due either to it- or /t-mesons; 
one example is shown in Plate VIII. No example of an identified 
positive meson has yet been found. 

3. 2 The penetrating properties of the secondary particles 

Seriff et al. and the Pic-du-Midi group have found fifteen 
secondary particles, which penetrated the 2 cm. lead plates without 
making interactions or radiative collisions; in five photographs 
both secondaries penetrated the plate. In addition, one secondary 
particle produced a disintegration in one of the lead plates, one 
particle appeared to suffer catastrophic absorption and two were 
scattered through large angles. Thus four interactions are associated 
with fifteen traversals of the 2 cm. plates, and the interaction 
length of the secondary particles is therefore about 7.5 cm. of lead. 
The geometrical cross section in lead corresponds to an interaction 
length of 15 cm. of lead; the experimental result for the secondary 
particles is probably not significantly different from this value. Thus 
both the positive and negative secondary particles appear to have 
strong nuclear interactions and so are unlikely to have been electrons 
or //-mesons. A neutral V-shaped track with two penetrating second¬ 
aries is shown in Plate IX. 

The Pic-du-Midi group used a 7 mm. plate across the chamber 
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during series C. One neutral V-shaped track, with the negative 
secondary near mini mum ionization, was produced above the 
plate; this secondary was heavily ionizing below the plate. 
The ionization and momentum measurements are consistent with 
the particle having been either a n- or a /i-meson. Another V- 
shaped track was produced above the thin lead plate; it is repro¬ 
duced in Plate X. Track (2), that of the negative secondary, is 
very short above the plate and the ionization is probably above 
the minimum value. Below the plate this secondary was heavily 
ionizing but was deflected through an angle of 23° in the gas. The 
measurements on the negative particle are summarised in Table 4, 
from which it is concluded that the particle was probably, a jr-meson. 

TABLE 4 . 


Measurements on the decay of a n-meson in flight 



Track (2) 

Track (3) 

Momentum (x MoY/c). 

78 (±5%) 

61 (±5%) 

Estimated ionization (x min.) . . . 

3-4 

3-4 

Calculated ionization for yr-meson . . 

2.8 

4.0 

Calculated ionization for ^u-moaon . . 

2.0 

2.8 


This event was almost certainly a n -> ft. decay; a scattering of a 
Ti-meson by a nucleon would be very much less probable. The 
angle of the decay is close to the maximum value corresponding 
to the momentum of the Tt-meson (cf. § 11. 3). 

3. 3 The differential momentum spectrum of the secondary psurides 

Accurate momentum measurements can bo made on both the 
secondaries of twenty-six noutral V-ovonts obtained by the Pic- 
flu-Midi group. The results arc given in Table 5, in the form of 
differential momentum spectra for the positive and negative 
secondary particles. 

In general, the momenta of the negative secondaries were lower 

TABLE 5 


The differential momentum spectrum of the secondary particles 


Momentum category . 

1 . 

2 

3 

4 

5 

Momentum range (BeV/c.) 

0-0.1 

0.1-0.5 

0.5-1.0 

1.0-1.5 

> 1.5 

Positive partial os . . . 

0 

10 

7 

2 

7 

Negative particles . . . 

1 

10 

4 

0 

5 
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PLATE XI 

A NUCLEAR INTERACTION IN THE GAS 

(The Pic-du-Midi group) 

The interaction was produced below the plate by particle (1); tracks (3) 
and (4) were produced, along with a heavy blob of ionization, which was 
probably due to a nuclear recoil. Tragk (1) cannot be measured because 
it is partially obscured by a low-energy r5-ray. The positive track (2) has 
a measured mo m entum of 0.35 BeV/c and an ionization of (4-5) tunes 
min imu m; it was probably due to a proton. The positive track (3) has a 
measured momentum of 0.65 BeV/c and is inclined at an angle of about 7° 
to the plane defined by tracks (1) and (2). Momentum is apparently not 
conserved in a direction at right angles to the incident particle. Thus the 
event is not a simple elastic scattering. The simplest scheme appears to be: 

P + + P + “*■ n ° + P + + 7t+ - 


PLATE XII 

A NARROW-ANGLE, HIGH-ENERGY, V-SHAPED TRACK 

(The Pic-du-Midi group) 

The fork consists of two high-energy trades (1) and (2) at aiTangle of 12°. 
The measured momentum of the positive track (1) is 1.5 BeV/c and that 
of the negative track (2) is 1.6 BeV/c. A detailed consideration of the 
dynamics of the decay process leads to the conclusion that the V-particlo 
probably decayed according to the scheme: 

Vg n+ + rc“, 

and the mass is 840 m e (cf. Table 8, § 6. 1). 



Butler 


Plate XI (see § 4. 1) 



Plate XII (see § 6. 1) 
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PLATE XIII 

The decay of a slow t-meson 
(Brown et al. [1949]) 

Particle k came to rest at A and produced particles a, b and a slow 
jr-meson; subsequently the Tt-meson was captured at B. From measurements 
of the grain density as a function of range, the mass of particle k was 
found to be (1080 ± 160) m e . Detailed arguments have been given by 
Brown et al . which show that particle k was not captured at A by a nucleus, 
which then emitted particle a, b and n. Careful measurements show that 
the tracks of these secondary particles are coplanar and tho event can 
only bo interpreted by the spontaneous decay of particle k. It can be 
shown that tracks a and b were due to mesons, probably rc-mesons and 
their energies can be measured from tho observed grain densities and 
scatterings. Using these values and the known energy of the slow n-ineson 
the mass of the unstable particle, known as a T-meson, was found to be 
985 m e , in good agreement with the mass value obtained from a study of 
track k. 

(This photograph is reproduced by the kind permission of tho Editors of 
Nature.) 


6 
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than those of the positive particles. The sixteen negative particles 
in momentum category 2 were all at minimum ionization ancl 
therefore could not have been as heavy as the proton. Likewise 
three of the positive particles in category 2 and one in category 3 
(near 0.5 BeV/c) could not have been as heavy as protons. Two 
of these positive particles were directly associated with negative 
particles of mass smaller than the proton mass. Three other positive 
particles were found to be lighter than the proton; their correspon¬ 
ding negative particles could not be measured. Thus seven positive 
particles lighter than protons have been found, but none has 
actually been identified. 

4. Possible explanations of the neutral Y-shaped tracks 

It is important to consider carefully whether the neutral V- 
shaped tracks can be explained in terms of well-known processes, 
such as the interactions of neutral particles or radiation in the gas 
of the chamber, or as examples of large-angle scattering. If the 
observed number of neutral V-events cannot be so explained, then 
they will be interpreted by the spontaneous decay in flight of 
neutral particles. The detailed information required for this analysis 
is only available, at present, from the work of the Pie-du-Midi group. 

4. 1 Interactions in the gas of the cloud chamber 

Electromagnetic and nuclear interactions can occur in the 
argon and oxygen filling of the chamber. Electron pair production 
in the gas is occasionally observed; at least 10 pairs with energies 
of a few MeV have been found, while most of the neutral V-shaped 
tracks have a total energy of about 1 BeV. A photon of this energy 
would produce an electron pair with an opening angle very much 
less than 1°, a far smaller angle than is ever observed. In view of 
the identification of many of the secondary particles as protons 
and mesons, electron pair production cannot explain the observed 
V-events. 

Nuclear interactions in the gas can be produced by neutrons or 
by high-energy photons. The cross-section for the production of 
stars by energetic neutrons corresponds closely to the geometric 
value, but the cross-section for the production of similar events by 
photons is very much smaller and may be neglected. The Pic-du- 
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Midi group observed twenty-three neutral V-shaped tracks during 
the period when the 2 cm. lead plate was in use. If all these events 
were the result of interactions between incident neutrons and gas 
atoms then, assuming that the cross-section is the geometrical one, 
about 400 times as many forks, that is nearly 10,000, should have 
been formed in the lead plate. In practice, not all these forks would 
be observable owing to the absorption of some of the prongs in the 
lead. Half of the V-events, however, were of high energy and would 
be visible in the chamber even if produced near the top of the lead 
plate. In fact, very few energetic two-pronged stars came from the 
lead plate. About 200 nuclear interactions of all types occurred 
in the plate during the same period as the twenty-three neutral 
V-events. Using the data of Barker and Butler [1951], it is 
possible to estimate that about 200 additional interactions took 
place in the plate which were not visible in the chamber, and so 
only 400 nuclear interactions of all types occurred in the plate. 
Therefore it is not possible to interpret all the V-shaped tracks in 
the gas as nuclear interactions. 

The number of stars in the gas, similar to the neutral V-shaped 
tracks, can be calculated using an estimate of the neutron flux. It 
is only necessary to consider the interactions of the energetic 
neutrons, since each of the stars must contain a meson and the 
cross-section for meson production by neutrons does not approach 
the geometrical value until their energy exceeds about 1 BeV. 
It may be assumed that the flux of neutrons, with momenta 
greater than 1 BeV/c, is equal to the number of protons with 
similar momenta. Barker and Butler [1951] found that, at 
sea level, the number of fast protons is between 25 and 50 % of the 
penetrating particles. Thus the number of fast neutrons can be 
determined from the flux of the penetrating particles, whose 
spectrum has also been measured by Barker and Butler. The 
number of fast neutrons traversing the cloud chamber in all of the 
penetrating showers (with 2 cm. lead plate) is between 300 and 
500; these would produce about 0.2 stars in the gas. 

Thus .the twenty-tlireo V-events cannot be explained as neutron- 
induced stars. Further detailed arguments can bo given to support 
this conclusion. The absence of evaporation tracks and nuclear 
recoils is significant. The argon nucleus is relatively small and 
transparent to fast neutrons but, even so, only a small proportion 
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of the stars produced would not have evaporation tracks or visible 
recoils. 

If the neutral V-e vents were due to neutrons, then we should 
have found a comparable number of high-energy stars otherwise 
similar but produced by ionizing particles. In fact, the Pic-du-Midi 
group has observed two such stars produced by ionizing particles. 
The first of these is shown in Plate XI and described in the caption. 
The Y-shaped event cannot b.e explained as a simple elastic collision 
and must have been due to an interaction, possibly according to 
the scheme: 

(1) p+ + ?+ p+ 4. n ° - 1 - n + , 

since both the charged secondary particles are positive and one is 
identified as a proton. A large blob of ionization at the point of the 
interaction is almost certainly the nuclear recoil. A negative meson 
was produced in the second Y-shaped event together with a long 
nuclear recoil; this interaction may have been produced by a fast 
Tt-meson. Thus, comparing the Y-shaped events with all the neutral 
V-shaped events, at most two or three of the latter could have been 
due to neutrons. 

Hopper and Biswas [1950] have observed a neutral V-shaped 
track close to a very large star in a photographic emulsion. One 
Secondary was identified as a proton, the other, a minimum ioni¬ 
zation track of about the same momentum, could have been either 
a rc-meson, a fi -meson or an electron. A large grain was observed 
at the apex of the fork, but Hopper and Biswas argued that this 
grain was not large enough for a nuclear recoil. They concluded that 
the event could only be explained as the decay of a neutral particle 
of mass (2370 ± 60) m e into a proton and a yr-meson. The plane of 
the fork did not pass through the origin of the large star and so, 
if the neutral V-particle decayed into only tw r o particles, it was 
not produced in the star. It is hardly possible to substantiate the 
explanation offered by Hopper and Biswas, without carrying out 
a detailed analysis of all two-pronged stars which are found more 
frequently in emulsions than in the cloud-chamber experiments. 
Por example, it may be possible to explain the event as a glancing 
collision of a neutron with a silver or bromine nucleus, according 
to the following scheme: 

(2) n° + n° ->• p + + n° 4- aT 
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4. 2 Large-angle single scattering of particles in the gas of the 
cloud chamber 

Many more neutral than charged V-shaped tracks have been 
discovered. This result would be very surprising if they are all 
produced by large-angle scattering processes, since a preponderance 
of relatively small angle scattering, with the appearance of charged 
V-shaped events (e.g. Plate II), would be expected. The second 
objection to this explanation is again the absence of recoil tracks. 
An argon nucleus of momentum 50 MeV/c can produce a distinctive 
blob of ionization. The Pic-du-Midi group has found only one such 
blob at the apex of a neutral V-shaped track; this one event, 
therefore, could be explained as large-angle scattering. In all the 
other neutral V-shaped tracks, a visible recoil would be expected 
if the events are to be explained by scattering. 

It is therefore concluded that the only explanation of the majority 
of the V-shaped tracks is that first suggested by Rochester and 
Butler [1947] and adopted by Seriff et al . [1950] and Armen- 
teros et al. [1951], namely, that they are due to spontaneous 
decay processes. 


5. Suggested decay processes 

The nature of the two charged secondaries from a V-particle 
decay has already been discussed. If these are the only secondary 
particles then possible decay schemes can be considered. 

5.1 The number of secondary particles 

Nineteen of the neutral V-particles observed by Seriff et al. 
[1950] were associated with other contemporary tracks; in twelve 
cases, it was possible to use these tracks to find the points of origin 
of the main nuclear interactions. Most of these events must have 
been at least 15 cm. above the top of the chamber, and, owing to 
the multiplo-Coulomb scattering and the secondary interactions 
of shower particles in the lead, the points of origin could not have 
been located very precisely. These workers found that the planes 
of all twelve forks contained the points of the primary interactions, 
within the limits of experimental error. It is difficult to assess the 
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significance of this result, which, however, appears to favour two- 
particle decay processes. 

The Pic-du-Midi group find that it is impossible to locate precisely 
the point of origin of neutral V-particles if they occur in the top 
transition material. Nine of their neutral V-shaped tracks came 
from interactions in the lead plate, and, of these, two have secondary 
tracks which are long enough for the planes to he determined 
fairly accurately. These planes contain the primary interactions 
within the errors of measurement, but the two decay points are 
close to the lead plate, so that the planes of the forks are bound 
to pass fairly close to the points of the primary interactions. In 
addition, the directions of the two neutral V-particles divide the 
angles of the forks in the ratios expected from the momenta of 
the secondaries, assuming that they are the only products of the 
decays. 

Fretter observed two neutral V-shaped tracks which apparently 
did not point back to the nuclear interactions visible in the chamber. 
Unless these V-particles came from outside the chamber or from 
secondary interactions, without any recognisable prongs, one or 
more neutral particles must also have been produced at the decays. 

It is difficult to assess the present significance of these measure¬ 
ments on the orientation of the forks with respect to the points 
of origin of the V-particlos. The few decays examined in detail 
appear to involve only the two charged secondaries, but much 
more data will be required before a definite conclusion can be 
reached. Meanwhile the available V-events can be analysed pro¬ 
fitably on the assumption that there are only two secondary 
particles. 

5. 2 Possible two-particle decay schemes 

Protons and negative mesons, probably ^-mesons, have been 
identified among the secondary particles, consequently the decay 
scheme: 

(3) VS-^p ++»- 

may apply to many of the observed decays. In § 4. 3 several V- 
shaped tracks were shown to have secondaries lighter than the 
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proton; the simplest two-particle process for these events appears 
to be: 

(4) V° -> 7T + -f 7T 

where the ^-mesons might, as far as direct observations are con¬ 
cerned, be replaced by /^-mesons. 


V°-particle 



Laboratory Frame 
oF Reference 


Direction oF 
V* particle 



Rest Frame 
of Reference 


Fig. 2 


If a decay scheme is assumed, then tho masses of the V-particles 
can ho calculated using only the laws of conservation of energy 
and momentum, provided that the momenta of the secondaries 
and the angles of tho forks in the laboratory frame of reference are 
all known. Using the symbols shown in Fig. 2, and writing the 
masses in energy units, the necessary equations are: — 

(5) VM*+P* - Vmi+m + Vmq + pi 

and 

P 2 = pf + pt + Zpilh 008 $■ 

Tho equations (5) can ho combined to give 

(6) M* - «if + m\ + 2p jp, [(1 + )* (1 + (^ff }' - cos ^]. 

A study of equation (6) leads to tho following conclusions: 

(a) If either mjp! or m 2 /p 2 > 1, then tho term cos <£ has little 
effect on the value of M. 
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(b) The term cos <f> is only important -when m 1 lp 1 or m^jp ^,« 1, 
that is, for very high values of p x and p 2 . The value of <f> will then 
usually he less than 15°, but if it is measured to within about 1°, 
the principal errors are still in p l and p a . 

(c) In general, the most important error is contained in the term 
22h Pi- 

If the conclusions of § 5. 1 are incorrect and the decays each 
involve three secondary particles, then equations (5) may be 
extended in the following manner: 

VM 2 + P 2 = Vm\ + p\ + +pl + Vm% + Pb 

(7) 

P = Pl + P2 + Ps 

where the second equation is the vector equation for the con¬ 
servation of momentum. If a decay is really of this form, but is 
interpreted as a two-particle decay, then a comparison of equations 
(6) and (7) shows that the calculated mass will be smaller than the 
true value. 

Values of p v p 2 and <f> can be found for twenty-five neutral 
V-particles obtained by the Pic-du-Midi group and for Rochester 
and Butler’s sea-level event. The measurements are not all of 
comparable accuracy, since in many cases the tracks are rather 
short. The maximum detectable momentum, for tracks at least 
6 cm. long, was found to be about 8 BeV/c; thirteen of the V-events 
have both secondaries at least 6 cm. long. 

The differential momentum spectrum of the twenty-six neutral 
V-particles oan be calculated using the second of equations (5) 
and is shown in Table 6. No unusual features have been noticed in 
this very limited data. 


TABLE 6 


The differential momentum spectrum of the neutral V-particles 


Momentum range 
(X BeV/e). 

0.1-0.5 

0.6-1.0 

1.0-1.5 

1.6-2.0 

> 2.0 

No. of y°-particles . . . 

3 

8 

3 

5 

7 
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6. Mass determinations 

It is necessary to divide the twenty-six V-shaped tracks, which 
have been measured completely, between the two possible decay 
schemes. A procedure for the partial division of the Pio-du-Midi 
data between the two schemes will now be described. 

.6.1 The decay of Vj-particles into protons and jr-mesons 

Four of the measured forks contain identified protons and can 
only be’explained by decay scheme (3); the mass determinations 
for these are given in Table 7. 


TABLE 7 

The masses for four F ®-particles each with an identified proton secondary 


(1) 

Event no. 

(2) 

Approx. 

track 

length 

(cm.) 

(3) 

Measured 
momenta 
(X BoV/o) 

(4) 

Ratio 

(p+/p-) 

(5) 

Angle 

of 

fork 

(deg.) 

(6) 

Mass 
using 
scheme 
equation (3) 
(X m f) 

33 

9 

+ 0.242 

0.95 

27 

2277 ± 40 


4 

- 0.254 




43 

6 

+ 0.480 

2.5 

50.5 

2218 ± 10 


10 

- 0.192 




47 

6 

+ 0.350 

2.5 

87.5 

2228 ± 10 


18 

- 0.142 




56 

18 

+ 0.450 

2.8 

44 

2181 ± 10 


14 

- 0.162 





The standard deviations on the measured momenta values in 
col umn (3) are all approximately 10 % of the average values 
except for the negative particle of event 33, for which the standard 
deviation may bo as high as 20 % of the quoted value. For these 
particular events the uncertainties in the magnetic field and in the 
curvature measurements are appreciable sources of error. Cor¬ 
rections have been made for the non-uniformity of the magnetic 
field and the angles of the forks have been determined accurately 
from reconstructions of the events. The momenta were all quite 
low and the errors arising from the chamber distortions are not 
large. The standard deviations of the mass values are given in 
column (6) and the average value is (2226 ± 10) m,. 
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Thompson et al. have measured a V-shaped track which is similar 
to those described in Table 7. The positive particle was only just 
heavily ionizing and the mass of the V-particle was found to be 
(2165 ± 20) m e . 

Eight of the rema'ning eighteen forks found by the Pic-du-Midi 
group each have both secondary tracks longer than 6 cm., which 
have been measured accurately; several are high-energy tracks for 
which gas distortions in the chamber are the principal source of 
error. The angles of the forks have been measured by reprojeoting 
the stereoscopic photographs, those of less than about 10° have been 
measured to within 10 % and for most cases the larger angles to 
within 5 %. Each of the eight positive secondary tracks could have 
been due to a proton; in most of the events, the negative tracks 
are of lower momentum than the positive tracks. 

The mass values obtained for these events are not all in good 
agreement with the results given in Table 7. An average mass of 
2200 m, is obtained from the data on four of the V-traoks, but the 
remaining four have significantly higher values of about 2700 m, 
and were due to high-energy V-particles. The data for these forks 
are given in Table 8; two have long secondary tracks and the 
standard deviations on their mass values are about ± 50 m e . 

The evidence is not yet conclusive, but the mass values in column 

TABLE 8 


The masses of four V-particles which probably decayed into two n-mesons 


(1) 

Event 

No. 

(2) 

Approx. 

track 

length 

(cm.) 

(3) 

Measured 

momenta 

(xBeV/c) 

(4) 

Ratio 

(p+/p~) 

(5) 

Angle 

of 

fork 

(deg.) 

(6) 

Mass 

(scheme of 
equation (3)) 
(x rn e ) 

(7) 

Mass 

(scheme of 
equation (4)) 

(x m e ) 

5 

6 

+ 2.6 

0.9 

6 

2800 

796 

(Plate IX) 

7 

-3.0 





38 

10 

+ 1.4 

2.0 

20 

2400 

872 


15 

- 0.7 





53 

10 

+ 1.5 

0.9 

12 

2690 

841 

(Plate XU)* 

16 

- 1.6 





69 

9 

+ 2.2 

1.2 

5.5 

2560 

673 


9 

- 1.9 










MASS DETEKMINATIONS 


91 


(6) of Table 8 are so different from those in column (6) of Table 7 
that, either several V-particles exist which have the same mode 
of decay, or the decays did not all follow the same scheme. 

The fourteen remaining forks each have at least one secondary 
shorter than 6 cm.; these tracks cannot always be measured 
accurately. Five of these cases cannot be explained in terms of 
decay scheme (3), since the positive particles were not protons; six 
give masses within the range (2150—2350) m e and three values 
around 2700 m e using scheme (3). 



Fig. 3 


Altogether twenty-one neutral V-shaped tracks can be inter¬ 
preted in terms of scheme (3); fourteen of those give masses within 
the range (2180—2350) w/-,, and seven masses of around 2700 m*. 

A mass histogram for the twenty-one events is shown in Fig. 3. * 
As may be anticipated from the nature of the decay process, the 
mass distribution around 2200 m e is asymmetrical. The best value 
of the mass, obtained by weighting the fifteen events according 
to the accuracy of the individual masses, is about 2210 m v 

6. 2 The decay of V^-particles into two ^-mesons 

Evidence has already been given for the decay of neutral V- 
particles into two ^-mesons. Five of the measured V-tracks can be 
interpreted by this scheme, since their positive particles could 
not have been protons, while, in addition, the negative particles 
of two of the events (63 and 66) were not as massive as the proton. 
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TABLE 9 


The masses of four V-particles which probably decayed into two n-mesons 


(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

Event no. 

Approx. 

track 

length 

(cm.) 

Measured 
momenta 
(X BeV/c) 

Ratio 

(p+Ip~) 

Angle of 
fork 
.(deg.) 

Mass 

(scheme of 
equation (4)) 

( x 

66 

6 

+ 0.26 

2 

77 

700 

(Plate V) 

3 

—0.13 




63 

4 

+ 0.30 

0.6 

46 

820 


7 

— 0.5 




66 

6 

+ 0.32 

0.6 

~10 

— 610 

(Plate X) 

6 

-0.66 




1 

6 

+ 0.35 

0.7 

14 

~ 600 


5 

—'—* 0.5 




R &B 

5 

+ 0.20 

0.3 

67 

'"-'1120 

(1947) 

(Plate I) 

4 

-0.85 





Several track lengths, of the five forks listed in Table 9, are 
very; short, consequently their momenta cannot be measured 
accurately. The result for photograph 66 is the best although the 
momentum of the negative particle is somewhat uncertain. 
The negative track on photograph 63 is near the edge of the 
chamber and its momentum is uncertain. The angle of the fork 
on photograph 65 is uncertain, as the V-shaped track cannot be 
reprojected accurately owing to the confusion produced by other 
particles in the shower. The negative particle of event R & B 
could not be measured accurately; the momentum quoted in the 
table has been determined from the geometry of the fork and the 
main shower. It may be considerably in error, which may explain 
the high mass value. A definite conclusion cannot be- reached from 
these five events; they all have positive particles which have been 
measured accurately, but several of the values for the negative 
particles are uncertain. There is, however, evidence for the 
existence of a neutral V-particle of mass about 800 m e . 

If the V-particle decay processes involve only two secondary 
particles, it must be concluded that the events observed by the 
Pic-du-Midi group can best be explained by two neutral V-particles. 
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The mass of the first type is not yet certain, but the best value 
from the available data is 2210 m t . The mass of the second 
type is probably within the range (700—800) m e . Many of the 
neutral V-shaped tracks have both secondaries at minimum ioniza¬ 
tion and so could fit either scheme (3) or scheme (4). It is necessary, 
therefore, to invoke any possible additional arguments to assist 
in the separation of the data between the schemes. Valuable 
additional information can be obtained from a study of the dyna¬ 
mics of the two decay schemes. 

7. The dynamics of decay schemes with two secondary 

PARTICLES 

Evidence has been presented showing that neutral V-particles 
decay according to two different schemes, provided that there 
are only two secondary particles. The dynamics of these schemes 
will now be discussed with special reference to the most probable 
appearance of the V-tracks in the laboratory frame of reference. 

7.1 TJie dynamics of the decay scheme: V“ p + + tc~ 

If a neutral V-particlo decays into a proton (mass mj and a 
jr-meson (mass m 2 ) then these secondaries will be emitted in 
opposite directions in their centre-of-mass frame of reference as 
shown in Fig. 2. In fact the pair of particles will bo emitted at 
random in this frame of reference. It can easily be shown that the 
fraction of all the events with values of 0 between 0 X and 0 a is given 
by $(cos 0 X — cos 0 2 ). For example, half the observed forks will 
have values of 0 between 60° and 120°. The most likely value of 
0 is je/2, that is, the most probable direction of emission for the 
secondary particles in the rest system of the V-particle is at right 
angles to the line of flight of the V-particle. 

The momentum of each of the secondaries in the rest frame of 
reference of the V-particle is given by 

( 8 ) P = + 

where M is the mass of the V-particle in energy units. The appear¬ 
ance of the fork in the laboratory frame of reference can be found 
by the application of Lorentz transformations to the velocities of 
the secondaries in the rest frame of reference of the V-particle. The 
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components of p transverse to the line of flight of the V-particle 
are unaffected by the transformations, but the components of p 
along the line of flight are transformed. Alternatively, a geometrical 
procedure, based on the Lorentz transformation, devised by 
Blaton [1950] may be used. 

The transformed momenta of the two secondaries are dependent 
on their energies in the rest frame of reference of the V-particle. 
If they have quite different masses, such as those of the proton 
and the n:-meson, then the two transformed momenta will, in 
general, be very different. The proton will have a higher momentum 
than the ur-meson in the laboratory frame of reference. This excess 
of positive over negative particle momentum for the secondaries 
is very marked, except for the very high- or low-energy events. 
If the momentum measurements on a number of forks are examined, 
the momentum distributions for each type of secondary, will be 
very different. The Pic-du-Midi group found the differential 
momentum spectrum of the positive secondaries to be quite 
different from that of the negative secondaries, the positive particles 
had significantly higher momenta values than the negative particles 
(cf. § 3. 3). A study of Table 7 (§ 6. 1), for example, reveals that 
three of the identified protons had much higher momenta than 
the corresponding negative particles. This is also true of all the 
events with masses in the range (2180—2350) m e , but is not 
observed for three of the events with masses about 2700 m e (according 
to scheme (3), cf. Table 8, § 6. 1). These three events have average 
values of the ratio p + /p_ of about unity. This result is to be 
expected if the secondaries were of equal, or nearly equal, mass, and 
indicates that the three particles probably did not decay according 
to the scheme of equation (3). This conclusion will be supported 
by further evidence given later in this section. When more data 
is available, a study of the ratio will be a very valuable 

procedure for dividing the data between the two decay schemes. 

The two secondary particles have the same momenta in the rest 
frame of reference, consequently the velocity of the meson is much 
higher than that of the proton. If the velocity of the unstable 
V-particle is greater than that of one of the secondaries in the rest 
frame of reference then the direction of the secondary in the 
laboratory system always forms an acute angle with the direction 
of the V-particle, that is, the secondary is always thrown forwards. 
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For example, suppose that the velocity of the V-particle exceeds 
that of the meson in the centre-of-mass frame of the secondaries, 
then both secondaries are thrown forwards and produce an acute- 
angled fork. If the velocity of the V-particle exceeds that of the 
proton, but is less than that of the meson in the rest system, then 
the proton is always thrown forwards, but the meson can move 
backwards in the laboratory system. Both secondaries can move 
backwards in the laboratory system when the velocity of the 
V-particle is less than that of either of the secondaries in the rest 
system. 



Fig. 4 - Angular relations for the scheme Vj->*p+ + n’ 
V° moss = 2210 m fl 
Momenta on curves in BoV/c. 


These properties of the decay scheme can be examined further 
by calculating <f> as a function of 0 for given values of P and M. 
A set of curves for a mass of 2210 m e is shown in Fig. 4 which shows 
that, when P is greater than 1.0 BeV/c, </> is limited. The values 
of <j> are always greater than a minimum value when P is less than 
0.16 BeV/c. Between these two critical values of the V-particle 
momentum, all values of (f> between 0° and 180° are possible. In 



96 


UNSTABLE HEAVY PARTICLES 


this region the proton is always thrown forwards in the laboratory 
system, but the meson can be emitted backwards. 

The probability distribution of the value of <f> for a particular 
momentum of the V-particle can be calculated from the curves 
of Fig. 4. Three typical differential probability distributions of 
the values of <f> are shown in Fig. 5; they have been calculated for 



Fig. 6 


10° intervals. If <f> is restricted in value, then the forks are most 
likely to have angles close to For example, it can be seen that, 
if M is 2210 m t and P is 1.6 BeV/c then </> mas is 46° and 58 % of 
the forks will have values of <f> between 30° and 46°. When P is 
0.9 BeV/c, all values of <f> are possible but 95 % of the forks will 
have <j> less than 90°. 

It is useful to develop a procedure to decide if the angles of all 
the forks, which give masses of about 2210 m e , are distributed in a 
reasonable manner. and can be calculated as functions of P, 
for this experimentally-determined mass, and the resulting curves 
are shown in Fig. 6. In addition, P can be calculated as a function 
of <f> for a fixed value of 0, the angle of emission in the rest system 
of the V-particle (cf. Fig. 2). The dotted curves in Fig. 6 correspond 
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to values of 0 of 60° and 120° and, as shown previously, half of the 
observed forks should lie between these lines. 

The values for fourteen examples with individual masses in the 
range (2180—2350)w e are plotted in Fig. 6; in each case a range of 



P values is given, which corresponds to about twice the standard 
deviation on the individual average values. The forks are distri¬ 
buted in approximately the most probable region of the P — </> 
diagram; about half lie between the dotted curves. They are, 
therefore, a set of forks which may reasonably be explained by the 
decay of V-particles, of mass 2210 m e , into protons and jr-mesons. 
When more data are available, the distribution of the values of <f> 
for a chosen P could be determined experimentally and compared 
with the theoretical distribution calculated for the average mass. 


7 
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It is important to enquire whether the V-partioles with masses 
about 2700 m e on the same decay scheme are also reasonably 
probable forks for their particular mass. The P — <f> plot for these 
few events is given in Fig. 7, the dotted curve shows P as a function 



of <f> with 0 constant and equal to 60°. Three quarters of the forks 
with mass close to 2700 m e should lie between the dotted and full 
curves. In fact, six of the seven forks lie to the left of the dotted 
curve, that is in a relatively improbable region of the P — <j> 
diagram. Thus there is evidence that these events may not have 
followed the assumed decay scheme. Their values of p + /p_ are 
all about unity and it is likely that they can be interpreted best as 
the decay of neutral Y-particles into two ji-mesons. 

7. 2 The dynamics of the decay scheme: -*• n Jr + n~ 

The two mesons are emitted in their centre-of-mass system in 
the manner described in § 7. 1, but the dynamics are simple owing 
to the symmetrical form of the decay process. For example, the 
momentum distributions of the positive and negative secondary 
particles in the laboratory frame of reference are the same, and the 
average value of the ratio p + /p_ is unity. 
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The set of <j> — 6 curves, given in Fig. 8, has been calculated for 
a mass of 1000 m e ; they are symmetrical about 6 — n/2. The general 
properties of the decay scheme can be found from these curves. 
<f > max and <£ mln are shown as functions of P in Fig. 9; it may be seen 
that the intermediate region of Fig. 4 in which all values of <f> are 
possible does not occur for the symmetrical decay scheme. The 
most probable region for the observed forks is close to the curves, 
on the left above the critical momentum, and on the right below 
this value. 



Fig. 8 - Angular relations for the scheme Vg n + -)- n ~. 


In § 6. 1 it was shown that seven V-particlcs have high masses 
when interpreted by the first decay scheme. They can be ex¬ 
plained in terms of the second scheme and are plotted in Fig. 9. 
In addition, five V-events can only be explained by the second 
scheme; these were discussed in § 6. 2 (Table 9) and the P — ^ 
values are also plotted in figure 9. Ten of the eleven forks 
shown in Fig. 9 are located reasonably close to the curve and it is 
concluded provisionally that they can be explained by the decay 
of V-particles with mass about 1000 m e . One point lies in the 
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forbidden region; its calculated mass is about 700 m e which may¬ 
be significantly lower than the value of 1000 m e . 



$ (deg.) 


Fig. 9 


The detailed study of the dynamics of the two likely decay 
schemes enables a partial separation of the data between the two 
schemes to be made. There is considerable evidence for the decay 
of V-particles into protons and 7r-mesons and fourteen of the forks, 
found by the Pic-du-Midi group, fit in well with the scheme. The 
best mass value is 2210 In addition, twelve events can be inter¬ 
preted in terms of the decay of V-particles into two ^-mesons. No 
fork consisting of two identified jr-mesons has yet been observed. 
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8. The mean rest lifetime of neutral V-partioles 

Sebiff et al. have made a determination of the rest lifetime 
of the neutral V-particles. They found the distribution of the decay 
points along the line of flight of the particles and then made 
allowance for the variation in path length resulting from the 
geometry of the cylindrical chamber, and estimated the relativistic 
time dilatation factor for each event. The data was very limi ted 
since the origins could only be found on, at most, nineteen photo¬ 
graphs. It is difficult to assess the necessary geometrical cor¬ 
rections and as accurate momentum measurements were not 
available the relativistic corrections could not have been accurately 
determined. The mean rest lifetime obtained by this method is 
quoted as (3 ± 2) x 10“ 10 sec. The same procedure can be used 
with the data of the Pic-du-Midi group and the result is not in¬ 
consistent with the wide limits set by Sebiff et al. In order to 
obtain a reliable value of the lifetime the main nuclear inter¬ 
actions must be produced in the chamber. The points of origin 
of the V-particles are then well determined and the geometrical 
corrections are much less serious. Fretter has found a value of 
about (1.0—2.0) x 10 -10 sec. for the mean rest lifetime determined 
from fifteen forks. He assumed the second decay scheme and made 
an approximate determination of the relativistio time dilatation 
correction from the geometry of each fork. 

These values of the lifetime can only be very approximate since 
the workers were not able to divide the observed forks reliably 
between the different decay schemes. If the results described in 
§7 are correct, there may well be two quite different V-particles 
with different masses and lifetimes, rather than one neutral V- 
particlo with two alternative modes of decay. 

9. Conclusions 

Altogether more than 100 forks, due to the decay of neutral 
V-particles, have been observed in cloud chambers and one similar 
event has been found in a photographic emulsion. The discovery 
of one neutral V-shaped track was reported by Rochester and 
Butler in 1947, about the same time as the discovery of the n- 
meson by Lattes, Occhialini and Powell [1947]. In the last 
four years, however, the properties of the jr-meson have been 
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exhaustively examined and are now known in considerable detail. 
There appear to be at least three reasons why knowledge of the 
V-particles has developed so slowly. Firstly, the particles are much 
less frequently produced than jr-mesons; Seriff et al. deduced 
that the neutral Y-particles number about 3 % of the ionizing 
particles produced in penetrating showers. Secondly, Y-particles 
have only been found in appreciable numbers in cloud chambers, 
when they are operated under difficult conditions at high altitudes. 
Finally, they have a lifetime which is neither very short nor very 
long; this complicates considerably the study of the decay pro¬ 
cesses. If the lifetime were about 10 -12 sec., or even shorter, the 
decay processes of the V-particles could be studied with ease in 
photographic emulsion; on the other hand, if the lifetime were 
appreciably longer than 10 -9 sec., the V-particles would frequently 
decay almost at rest. All the well-understood decay processes 
can be observed frequently when the particles are almost at rest. 

The analysis of the properties of the neutral V-particles found 
before April 1st, 1951, can be summarised as follows: 

9.1 Not more than 10 % of the neutral V-shaped tracks can be 
interpreted by processes other than the spontaneous decay of 
hitherto-unknown particles. 

9.2 The secondary particles cannot all be identified. Protons and 
negative mesons, most probably jr-mesons, have been found. 
Evidence for the occurrence of positive particles lighter than 
protons has been obtained, but no positive mesons have boon 
identified. 

9. 3 Pre limin ary investigations are consistent with the assumption 
that the decay processes involve only the two charged secondary 
particles. Serious difficulties are encountered when investigating 
the orientation of the forks with respect to their origins; additional 
and more accurate measurements are needed. 

9.4 At least two decay schemes are needed to explain all the 
observed forks: 

V“ p + + n~ (scheme (3)) 


and 


V£ jt + + 7t~ (scheme (4)). 
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The scheme: 

v* -» p- + rc + , 

which is symmetrical with the first decay scheme (3), might he 
expected. Five slow proton secondaries have been observed, but 
no slow negative protons have been found. This may be evidence 
that the negative proton is not created in a symmetrical manner 
with the proton. 

9.5 The Pic-du-Midi group has studied in detail twenty-six 
neutral V-particles. An analysis has been made which enables 
fourteen forks to be explained by the first scheme. The average 
mass value obtained is 2210 m e . The remaining twelve events 
can probably be explained in terms of the second scheme and 
have a mass of about 800 m e . There is thus strong evidence 
for the existence of at least two different neutral V-particles. 

9. 6 The fact that a fairly consistent set of mass values has been 
found may give support to the conclusions in § 9. 3. If the decays 
each involve a third, neutral, secondary particle, then the mass 
values already calculated will all bo too small. The number of 
events contributing to the two sets of mass values is very small, 
and a reliable statistical procedure has not yet been used to test 
whether the values are consistent with a single average, or are 
really distributions over a range of values, as would be expected 
if a three-body decay is treated as a two-body decay. Many more 
events, very accurately measured, will be required before this 
typo of argument can be used with confidence. 

9. 7 Early measurements of the mean rest lifetime of the neutral 
V-particles give values between 10 -10 sec. and 5 x 10 -10 sec. The 
two different neutral V-particles may have very different lifetimes. 

Finally, it is useful to consider some of the future developments 
that may bo oxpeotod. The detailed discussion of the properties 
of the V-particles, as distinct from the V-shaped tracks, depends 
on the assumption discussed in § 9.3. Clearly it will be 
necessary to study the basis of this assumption and to plan future 
experiments accordingly. The consequences of the decay of V- 
particles into three secondary particles must be considered. The 
theoretical treatment of this type of process is very complex and 
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cannot be made in detail without recourse to fundamental theory. 
Two types of V-shaped tracks have been observed; if there aro 
only two secondaries, they can be explained by two different 
decay schemes. These two schemes could be extended to apply to 
one V-particle with two modes of decay, viz. 


and 


V° p + 4* n + n° 
V° -> n° + 7i~ + 7t + 


If these schemes operate it should, eventually, be possible to 
detect the neutrons and rc°-mesons by finding interactions, which 
point back to the apexes of the forks, in lead plates. 

It will also be necessary to obtain many more forks with long 
secondaries, which can be measured with considerable precision, 
and also to obtain more forks with identifiable secondaries. The 
existence of neutral V-particles has been established, but as yet 
very few of their properties are known, even approximately. Very 
many experiments will be carried out during the next few years, 
in order to settle the numerous queries about their properties 
which can already be posed. 
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THE DECAY OF HEAVY CHARGED PARTICLES 
10. Thu decay op t-mesons 

During the first experiments with electron-sensitive photo¬ 
graphic plates exposed on the Jungfraujoch, Brown et al. [1949] 
found a very unusual event, a mosaic of which is reproduced in 
Plate XIII. There are two stars, A and B, linked by track n. The 
probability of the two centres being unrelated events is extremely 
small and may safely be neglected. The range of track k in the 
emulsion exceeds 3000 /x and the grain density increases pro¬ 
gressively towards A. Near A, the track is indistinguishable from 
that of a singly-charged particle at the end of its range; particle k 
must, therefore, have initiated event A. Similarly, particle n 
initiated event B. 

The mass of particle A can be determined from measurements 
of the grain density as a function of its range. Considerable care 
was taken to establish that the plate was uniformly developed and 
that the degree of fading was insignificant. The average number 
of grains per 10 fx interval was plotted against the particle range 
for several proton tracks found in the same plate. A similar curve 
was constructed for particle k, and its mass determined by making 
a comparison of its grain density curve with the mean curve for 
protons. Brown et al. found the mean mass value of particle k to 
be (1080 i 160) m,. A mass of (1800 ± 400) m e for particle k was 
obtained from a study of its small-angle scattering; more weight 
is given to the grain-counting method than to the scattering 
method. 

Track n is characteristic of a sr-meson, captured at B. The 
lengths of the remaining two secondary tracks, a and b, due to 
singly-charged particles, are respectively 2000 /x and 116 /x; within 
statistical fluctuations, both have the same ionization, namely 
2.2 times the minimum value. The energies and momenta of these 
two particles were deduced from the observed grain densities and 
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scatterings, after making various assumptions concerning their 
masses; for example, they were assumed to have been protons, 
n- or ^-mesons. The track lengths and ionization measurements 
indicate that the particles cannot have been electrons if the rise 
of io niz ation for high-energy electrons flattens before the value 
of 2.2 times the minimum value is reached. 

There are two possible interpretations of event A, which was 
produced by particle k; either the latter was captured by a nucleus 
or it decayed spontaneously. A particle of mass about 1000 m e 
at the end of its range could be captured by a nucleus and lead to 
the ejection of two energetic protons and a yr-meson. The energies 
of the secondaries would be approximately the same as those 
already obtained assuming particles a and b to have been protons. 
It is almost certain, however, that the release of such a large 
amount of energy would have produced the evaporation of the 
remaining nucleons in the nucleus; in fact, a many-pronged star 
should have been observed. It seems, therefore, that tracks a and b 
could not have been due to protons, but they may have been due 
to Tt-mesons or ^-mesons. If a and b were re-mesons, their kinetic 
energies must have been 27 MeV and, for /^-mesons, 37 MeV. These 
values are small and cannot be reconciled with the absorption of 
500 MeV into the nucleus, which would take place if particle k, 
with a mass of about 1000 m e , were captured. 

The alternative explanation, namely that tracks a, b and re are 
the secondaries of the spontaneous decay of particle k, can now be 
considered. Brown eb al. determined the relative directions of the 
three particles, after allowing for the shrinkage of the emulsion, 
and found them to be coplanar. The direction of any one track 
makes an angle of less than 4° with the plane of the other two 
tracks. The errors are due to the fact that track re is very short 
compared with tracks a and b. These measurements support the 1 
conclusion that particle k decayed, almost at rest, into particles 
a, b and re. 

Particle re was almost certainly a re-meson; from its observed 
range, the energy was found to be 1.04 MeV. From the directions 
of motion of the three secondary particles and the energy of the 
re-meson, the momenta of particles a and b are found to be 
(98 ± 5) MeV/c and (104 ± 5) MeV/c respectively. The grain 
densities are known, so that the particles can now be identified 
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and are found to be either n- or /i-mesons. The mass of particle k 
can be calculated for the two most likely modes of decay, which are 

-*■ 71 + 71 + n 

(9) 

and k —> 7t /x fj. 

since the observed grain densities agree best with the assumption 
that particles a and b are of the same type. The mass values 
obtained are 985 m e and 869 m e respectively. 

Finally, the possibility that particle k was not related to events 
A and B may be considered. The determination of the mass of 
particle k does not exclude the possibility, as an extreme fluctuation, 
that the particle may have been a proton which stopped in the 
emulsion very close to A and was unrelated to particles a, b and n. 
It is then extremely difficult to explain the event made up of tracks 
a, b and jr, because stars of this type are not found in emulsions. 
Brown et al. considered several other alternative explanations 
involving one or more of the tracks having been unrelated to the 
others, but were not able to find a plausible scheme to explain the 
event. They concluded that the only reasonable explanation of 
the whole event is that particle k must have been an unstable 
particle of mass about 1000 m # , which initiated events A and B. 
Charged particles of this type are now called T-mesons. Since the 
discovery of Brown et al., a considerable volume of photographic 
emulsion, sensitive to fast particles, has been examined, but only 
two additional events of the same type have been reported, both 
by Hardino [1950]. 

The first of the decay events found by Harding was in an 
electron-sensitive emulsion exposed for 85 days under 3 m. of ice. 
A heavily-ionizing particle approached a centre, similar to centre A 
of Brown et al. The multiple scattering of this particle increased 
towards the star and the grain-density measurements indioate 
that the particle, referred to as k, almost stopped before it pro¬ 
duced the star. The star consists of three tracks with useful lengths 
of 1300 /i, 420/i and 30/1 respectively. 

The event was observed in a plate that had received an excep¬ 
tionally long exposure. Harding carefully considered the effect 
of fading, after showing that the plate was developed uniformly. 
Grain-density measurements were made on protons and /t-mesons, 
that stopped in tho emulsion, and grain density-range curves were 
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drawn. The curve for 3r-mesons was obtained by interpolation 
between the two curves. The grain density-range curve for the 
particle k was always above that for the ji-mesons; if k was a 
jt-meson, it must have traversed the emulsion right at the end of 
the exposure. 

The only well-known capture process that could explain the 
star is that of a rr-meson. If particle k is assumed to have been a 
tt-meson, then the energy released in the nucleus was only 150 MeV. 
How if the secondaries are assumed to have been protons, then the 
ionization measurements indicate that their total energy would 
have been of the order of 500 MeV; therefore the event could not 
have been initiated by a slow jr-meson. The star could be due to 
the capture of a ji-meson if one or two of the secondary particles 
were electrons. The direct production of electrons in stars has not 
been observed and so this explanation is very unlikely. 

The value of the product, momentum x velocity, for the longest 
secondary particle is 26 MeV; it was probably a ji- meson. The 
remaining two secondaries are too short to permit reliable scattering 
measurements, but one shows much less scattering than the 
longest track. It is clear that, if a jr-meson is captured by a nucleus, 
there is not sufficient energy available to produce even a /i-meson 
and to provide kinetic energy for two other particles. Harding 
therefore concluded that the event could not be interpreted as a 
nuclear capture of a 21 -meson. 

The spatial arrangement of the three secondary tracks was 
carefully examined again, after allowing for the shrinkage of the 
emulsion. The normal to a plane containing any two of the tracks 
was perpendicular to the third within 2°; thus the three tracks were 
coplanar, as in the event of Buowir et al. This provides evidence 
that particle k decayed spontaneously into only three particles,all 
singly charged. Harding assumed that the longest secondary was 
a Tr-meson. and, using the scattering data already referred to, 
calculated the energy to be 13 MeV. If the other two particles are 
assumed to be Tr-mesons then, using the laws of conservation, of 
momentum and energy, the mass of the r-meson is calculated to 
be 1040 m«. If track k is due to a particle of this mass, then the 
effect of fading must have been very considerable, since its ioni¬ 
zation was only slightly above the average for jt-mesons in the 
same plate. 
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The second event of the same type, observed by Harding, had 
very short secondary tracks and so no conclusions could be made, 
beyond noting the fact that the secondaries were approximately 
coplanar. 

The interpretation of the events observed by Brown et al. and 
Harding is supported by many detailed arguments and the 
evidence for the existence of the decay into three mesons is very 
convincing. This conclusion is of particular interest in view of the 
work of Franzinbtti [1950] and Fowler [1950] who both showed 
that less than 2 % of all heavily-ionizing particles from stars are 
r-mesons unless their lifetime is very short. 

11. The decay of charged V-p articles 

11.1 The first charged V-shaped track 

A charged V-shaped track was observed by Daudin [1944] in a 
small cloud chamber without a magnetic field operated at 2000 m. 
altitude, but the event was not discussed in detail. The angle of 
deflection was about 10° and the event may well have been a 
7 C -> fi decay (cf. § 11.3 below) because the particle was probably 
heavily ionizing. 

The first V-shaped track, due to a charged particle, to be in¬ 
vestigated in detail, was observed by Rochester and Butler 
[1947] and is shown in Plate II. The incident track (1) follows the 
general direction of the shower; it is short and unmeasurable and 
the particle was apparently deflected through 19° in the gas. The 
charged secondary particle, which subsequently penetrated the 
3.4 cm. lead plate without appreciable scattering, was positively 
charged, and had a measured momentum of (0.77 ± 0.10) BeV/c. 
There is no obvious blob of ionization at the apex which could 
•be due to a recoil; therefore the fork could hardly have been due 
to a scattering or to a nuclear interaction in the gas. Rochester 
and Butler interpreted the event as the decay of a positive particle 
into one charged particle and one or more neutral particles. 
Assuming the existence of only two secondaries, they found that 
the minimum mass of the unstable particle was (980 ± 150) m t . 

11. 2 The statistical data on charged V-shaped tracks 

Seriff et al. observed four V-tracks due to charged particles 



110 


UNSTABLE HEAVY PARTICLES 


among their 11,000 photographs. Three of these unstable particles 
were produced in nuclear interactions in the 2 cm. lead plate in 
the cloud chamber. The angles between the primary and secondary 
tracks were 7°, 15°, 34° and 40° respectively. They do not describe 
the appearance of the tracks made by the unstable particles; 
presumably they were all substantially at minimum ionization. 

The Pic-du-Midi group has discovered eleven examples of 
charged decay events, three of which were produced in the lead 
plate. The tracks of two of the unstable particles were considerably 
above minimum ionization. 

Fretter has observed four charged V-tracks, all produced in 
the lead plates. The same number has been observed by Bridge 
and Annis in their multiplate chamber; the incident tracks of 
two of these are heavily ionizing. In addition, the latter have 
observed seven heavily-ionizing particles which came to the end 
of their range in one or other of the lead plates. In each case, a 
track at minimum ionization was produced from the lead plate. 

O’Ceallaigh [1951] has found a charged Y-shaped track in a 
photographic emulsion during a study of ^i-meson decays. The 
grain density of the secondary track is the minimum value for the 
particular emulsion. 

11. 3 The explanation of the charged V-shaped tracks 

Seuipf et al . have not reported momentum measurements on 
their four charged V-shaped tracks; they concluded, however, 
that the events could only be interpreted as due to " the decay of 
charged particles. One of the secondary particles penetrated the 
2 cm. lead plate without interaction and was probably more 
massive than the electron. 

There are at least three possible explanations of the charged 
V-tracks observed by the Pic-du-Midi group, other than that 
adopted by Rochester and Butler. The events may be due firstly 
to nuclear interactions, secondly to scattering and thirdly to well- 
known decay processes, such as those of the tt- and p- meson. The 
first explanation appears to be improbable owing to the absence, 
in every case, of nuclear recoils. In addition, no event; similar to a 
charged V-shaped track but with evaporation tracks, has been 
observed. It is unlikely that eleven high-energy stars in the gas 
would be observed without finding at least one with evaporation 
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tracks. Following the procedure outlined in § 4. 1, an estimate of 
the expected number of high-energy nuclear interactions in the 
gas, which are associated with the observed penetrating showers, 
can be made. The probability of finding one such interaction or 
star is small. In fact, however., two have been found, but they are 
different from the charged V-tracks and both have short recoils 
(cf. § 4. 1). 

The observed events can hardly be ascribed to nuclear scattering 
owing to the absence of recoil tracks. It is easy to show, for several 
of the measured events, that these recoils would have been visible 
in the chamber, if the events were due to scattering. If the scattering 
explanation is correct, then about 400 times as many examples 
of scattering should have occurred in the lead plate. During the 
period when the 2 cm. lead plate was in use, three charged V-shaped 
tracks were observed, thus 1200 particles should have suffered 
large-angle scattering in the plate. In fact, approximately 120 
deflections of greater than 5° were observed in the lead plate. The 
momenta of these particles have not all been measured; those 
with momentum less than about 0.3 BeV/c may have been examples 
of multiple-Coulomb scattering. Thus the observed number of 
examples of anomalous scattering may not be greater than 60, a 
very much smaller number than that predicted on the assumption 
that the charged V-shaped tracks arise from large-angle scattering. 

Finally, it is necessary to consider the possibility that the small 
number of observed events may be explained by well-known decay 
processes, such as those of st- and ^-mesons. rc-Mesons form a 
considerable fraction of the fast particles in penetrating showers 
and may be expected to decay in the chamber. An approximate 
estimate of the number of decays can be made from the known 
flux of ft-mesons, from their lifetime and from reasonable assump¬ 
tions about their spectrum. The result obtained is that about 
thirty je ->//- decays are to be expected; many of these, however > 
will be high-energy events for which the apparent angle of deflection 
is very small. 

The dynamics of the decay scheme: 

(10) 7C -i > /4 + v , 

where v is a neutrino, are relatively simple and it can easily be 
shown that, for a given momentum of the jr-meson, there will be a 
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PLATE XIV 

The decay oe a slow V-partiglb 
(Bridge and Annis [1951]) 

A slow charged particle decayed between the 4th and 5th plates. The 
chamber was fitted with 8 plates, alternately of lead and aluminium. The 
ionization of the secondary particle was about twice the minimum value 
and it made on angle of 90° with the direction of the V-particle. Subsequently 
the slow secondary entered an aluminium plate above the point of decay. 
Bridge and Annis considered that it was scattered through a large angle, 
travelled downwards, and came to rest after penetrating four plates. From 
the observed range, scattering and ionization, they concluded that the 
particle was a meson, probably a yi-meson if it, in fact, suffered a nuclear 
scattering. 
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Plate XV (see § 11. 5) 



Plate XVI (see § 11. 5) 
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PLATE XV 


The decay of a high-energy negative V-partiole 
(The Pic-du-Midi group). 

This event is similar, except for the sign of the V-particle, to the one 
obtained by Rochester and Butler in 1947. The momentum of the primary 
particle cannot be found accurately; it was probably greater than the 
measured value of 1.4 BeV/e. The momentum of the secondary was 
0.7 BcV/c and the angle of deflection 11°. The mass of the V-particle 
can be calculated, if assumptions are made about the nature of the neutral 
decay product. Values ure given in Table 11 of § 11. 5. For example, if 
the one noutral secondary was a Tt-meson, then the mass of the V-particle 
was about 750 m r If the neutral secondary was a V-particle of mass 800 m e , 
thou the V-particle mass was about 1280 ?v e . 


PLATE XVI 

The decay of a slow negative V-partiole 
(The Pic-du-Midi group) 

A slow particle appeared from a high energy nuclear interaction in the 
load plate, and decayed about 2 cm. below the plato. The primary track 
length is very short and cannot be measured, but the ionization is greater 
than four times the minimum value. The negative secondary, track (2), 
makes an angle of 100 u with the direction of the primary and has a measured 
momentum of (0.18 ± 0.02) BoV/c. The minimum and maximum values 
of the mass of the negative V-particle can be calculated and are given in 
Table 11 of § 11.5. For example, if the neutral secondary was a ^-meson, 
the V-particle mass was between 900 m s and 1080 m 9 ; on the other hand, 
if the neutral secondary was a V-partiele of mass 800 m e , then the mass of 
the V-particle was between 1310 m e and 1440 m e . 


8 
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mn.vimnm value of 0, the angle between the directions of the it 
and //-mesons. This value of 0 is given by 

(11) sin 0^ = -p-, 

where P (in BeV/c) is the momentum of the n-meson. It can also 
be shown that the most probable values of 0, for a yr-meson with a 
given P, lie very close to the corresponding d mar . If the momenta 
are known, values of 0 mai can. be calculated for each of the observed 
charged V-particles for comparison with the actual values; then, if 
an observed value is significantly greater than the calculated 
maximum value, the scheme cannot explain the observed decay. 
This procedure appears to be the only reliable one for separating 
the decay of charged V-particles from those of jr-mesons but, 
inevitably, some genuine charged V-shaped tracks will be inter¬ 
preted as the decay of yr-mesons. 

The decay of //-mesons should be very rare in a cloud chamber 
triggered mainly by penetrating showers in which they can only 
be produced by the decay of yr-mesons. Extensive air showers 
occasionally triggered the chamber so a few //-mesons crossed the 
chamber. 

Four of the charged V-shaped tracks found by the Pic-du-Midi 
group can be explained as sr-meson decays and one as a //-meson 
decay. Measurements have been made on one or sometimes both 
tracks of five decay events, which cannot be explained in terms 
of the well-known decay processes, and are, therefore, interpreted 
by the decay of charged V-particles. 

Serijt etal. observed two charged V-shaped tracks with angles 
of deflection of less than 20°; unless the unstable particles were 
of high energy, the forks may have been due to the decay of n- 
mesons. Two of the charged decay events observed by Bridge and 
Annis have secondary particles which could be electrons. They 
considered that these events might have been examples of /S-decay 
or of the decay of //-mesons. Both of these explanations are 
improbable. 

11. 4 The nature of the secondary particles of charged V-particles 

No event, similar to those discovered by Bkown et al. and 
Habdtng, has been found in the cloud chamber. All the examples 
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of the decay of a charged particle so far observed in chambers have 
had only one ionizing secondary particle. No worker has reported 
finding a heavily-ionizing secondary of a V-particle decay in a 
magnetic field. One of the observed secondaries penetrated 3.4 cm. 
of lead and another 2 cm. of lead, both without appreciable scatter¬ 
ing and without making electromagnetic or nuclear interactions. 

Bridge and Annis have obtained an interesting charged V-shaped 
track which is shown in Plate XIV. The ionization of the secondary 
particle is about twice the minimum value and it makes an angle 
of 00° with the direction of the V-particle, which is itself heavily 
ionizing. Subsequently, the secondary particle apparently suf¬ 
fered large-angle scattering in the aluminium plate above the point 
of decay. The particle then penetrated four plates before coming 
to rest. From the observed range, scattering and ionization, 
Bridge and Annis concluded that this particle must have been 
a meson and probably a jz-meson, because it suffered a nuclear 
scattering in the aluminium plate. The particle, however, could 
not be identified unambiguously before the interaction in the 
aluminium plate. It is possible that the interaction in the plate 
was of a more complex type than that suggested by Bridge and 
Annis; for example, the sr-meson may have been produced in the 
aluminium plate. 

The Pic-du-Midi group have made measurements on the com¬ 
ponent tracks of five V-particle decay events. The measurements 
arc given in Table 10, along with the results obtained by Rochester 
and Butler for their one event. Several of the tracks are very 

TABLE 10 


Measurements on six charged V-•particles 


Event no. 

Sign 

Measured 
incident 
momentum 
(X BeV/c) 

Measured 
secondary 
momentum 
(X BeV/c) 

Angle of 
deflection 

(deg-) 

R <& B (11)47) 

+ 

too short 

0.77 

19 

1 

— 

1.1 

X 

© 

i—« 
Ol 

24 

17 

— 

too short 

0.18 

100 

40 

— 

1.4 

0.71 

11 

54 

+ 

1.0 

too short 

10 

61 


~ 0.2 

> 0.15 

70 
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short and near the edges of the chamber, consequently the measured 
momenta are not very accurate. 

The negative secondaries of events 1 and 17 were at minimum 
ionization and had momenta such that they were undoubtedly 
lighter than the proton. They could, however, have been mesons 
or electrons. If all the charged V-events are of the same typo, it is 
reasonable to conclude that the charged secondaries are n- mesons. 

It is, as yet, impossible to obtain much significant information 
about the nature and number of the neutral particles that must 
take part in the decay of charged V-particles. For simplicity, the 
data will be analysed on the assumption that there is only one 
neutral particle involved, but this assumption may have to be 
discarded when more information becomes available. The most 
likely neutral particles appear to be neutrons, jr°-mesons and 
neutrinos. The first two could, in principle, be identified by their 
interactions or by the interactions of their products in lead plates. 
The existence of neutrinos cannot be discovered by such direct 
means. There is, however, some evidence, which is discussed in 
§ 11. 5, that the neutral particle may sometimes ho a neutral 
V-particle. 

11. 5 The mass of the charged V-particles 

The mass of a charged V-particle can be determined in two 
ways. Firstly, the mass may be calculated from the momentum 
and ionization, if the latter is appreciably above the minimum 
value. Secondly, the mass may be calculated from the momenta 
of the V-particle and its secondary, the angle of emission of the 
latter and an assumed decay scheme. 

O’Ceallaxgh [1951] has observed the decay of a charged V- 
particle in a photographic emulsion. The unstable particle made a 
track 4200 /( long before it came to rest and decayed into one 
charged particle which made a minimum ionization track. The 
mass of the slow particle can be found from measurements of the 
grain density as a function of the range and is found to be 
(1380 ± 180) m e . The mass can also be found from measurements 
of the small-angle scattering of the particle as a function of its 
residual range; the value obtained is (1260 ± 290) m„. 

The Pic-du-Midi group have observed two slow V-particles 
(events 17 and 61) in a magnetic field. Unfortunately, both tracks 
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are too short to permit reliable momentum measurements. Bridge 
and Annis have also observed two heavily ionizing V-particles 
but, without a magnetic field, it is difficult to determine mass 
values. 

The decay of a charged V-particle into two secondaries is shown 
diagrammatically in Fig. 10. The mass of the 
charged V-particle may be calculated using the 
following equations: 


V-particle 


. M,P 


( 12 ) 


VM 2 + P 2 = Vmf + pf + Km'l + l4 
pi = P 2 + pi — 2P p x cos 0 



s , m a ,p 2 


m i*pi 


Fig. 10 


which can be combined to give M explicitly. The 
principal sources of error are found to be in the 
momentum measurements. 

The first of the Pic-du-Midi events to be 
described (no. J, Table 10) is so far unique and 
provides some information on the nature of the neutral particle 
produced in the charged decay. This was the first decay photo¬ 
graph obtained on the Pic-du-Midi and unfortunately cannot be 
reproduced satisfactorily owing to the faintness of the tracks. 
A negatively-charged particle penetrated the 2 cm. lead plate and 
decayed in the gas. Subsequently, the decay of a neutral V-particle 
occurred 1 cm. below the first decay. The Pic-du-Midi group 
concluded, after making reprojection measurements, that the two 
decay events were directly related. The plane of the second fork 
contains the point of decay of the charged V-particle, within 
measurement error. The simplest explanation of the double decay 
event is that a neutral V-particle was produced in the charged 
decay. The momentum measurements on the secondaries of the 
neutral V-decay arc very inaccurate owing to the short track 
lengths and their poor quality. The data, which are given in Table 
9 of § (5. 2, favour the decay scheme of equation (4). 

The decay scheme, followed by the negatively-charged V- 
particlo, appears to bo of the type 


(13) 


V- n~ + VS 


where, as far as the actual measurements are concerned, the 
75 -meson can be replaced by a /t-meson. The mass of the neutral 
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Vg-particle is about 800 m e . It is possible that this particular 
particle may have had a mass of 2200 m e (decay scheme of equation 
(3)). It is clear, from the dynamics of the actual decay, that the 
momentum of the neutral particle was very much higher than 
that of the charged secondary. The implication of this asymmetry 
in the momenta is that the neutral particle was considerably more 
massive than the charged particle, otherwise the observed distri¬ 
bution of the V-particle momentum between the two secondaries 
would be improbable. 

An alternative, but much less plausible, explanation is that the 
incident particle interacted in the lead plate and produced two 
unstable particles, with substantially the same directions, but no 
other visible particles. The two V-particles then decayed in the 
gas below the plate. The most likely neutral particles from the 
charged decay are jr°-mesons, neutrons and neutrinos. The various 
possible explanations of the double-decay event are summarised 
in Table 11; the approximate mass values are given in row (4). 


TABLE 11 

The masses of the charged V-particles 


(1) Scheme no. 

a) 

(2) 

(3) 

(4) 

(r>) 

(2) Nature of charged 
secondary. 

n 

n 

71 

7t 

n 

(3) Nature of neutral 
secondary. 

v° 

(800m 4 ) 

V° 

(2200m e ) 

n ° 


V 

(4) Mass event 1 (x m e ) 

1160 

2460 

2140 

820 

790 

(5) Mass event 40 (X m e ) 

1280 

2900 

2530 

7 5\) 

660 

(6) Mass range event 17 
(X m t ) 

Min. mass. 

Max. mass. 

1310 

1440 

2630 

2740 

2320 

2420 

900 

1060 

800 

960 

(7) Min. mass event R&B 
(plate II) (x m e ) . . 

1530 

2910 

2580 

1120 

1050 


The seoond event (No. 40, Table 10) which can be analysed in 
terms of the five schemes in Table 11 is reproduced in Plato XV, 
and is similar, except for sign, to the one obtained by Rochester 
and Butler. The mass values are listed in row (5). 
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The third event (No. 17, Table 10) illustrated in Plate XVI, 
consists of a heavily-ionizing particle from a high-energy nuclear 
interaction in the lead plate, which decays about 2 cm. below the 
plate. The point of the decay cannot be seen clearly in a single 
photograph owing to the confusion introduced by the other 
particles; it can, however, be seen stereosoopically. The primary 
track length is short and cannot be measured, but the specific 
ionization is greater than four times the minimum value. The 
negative secondary particle makes an angle of 100° with the 
direction of the primary and has a measured momentum of 0.18 
BeV/c. The minimum mass of the charged particle can be 
calculated, if the particle is assumed to have decayed at rest 
and if a particular decay scheme is assumed. The maximum value 
of the mass for the assumed decay scheme can be calculated, if 
the decaying particle is given the maximum momentum consistent 
with its observed specific ionization. The minimum and maximum 
values are given in row (6) of Table 11. If an attempt is made to 
explain this event as a re /j, decay, then the minimum value of 
the re-meson mass is 630 m t , an absurdly high value. 

The V-shaped track found by O’Ceallaigh is very similar to the 
cloud-chamber example shown in Plate XVI. The decay occurred 
at rest and, assuming that the charged secondary was a re-meson, 
its momentum was found to be 0.28 BeV/c, a rather higher value 
than that found for the event obtained by tho Pic-du-Midi group. 
If the V-particle decayed into a charged and a neutral re-meson, 
then its mass was 1260 m„ but if the neutral particle was a neutral 
V-particle of mass 800 m e its mass was 1320 m e . These values are 
higher than those obtained by the Pic-du-Midi group for their 
event, they are not, however, incompatible with the mass found 
from a study of the track of the V-particle before it came to rest. 
O’Ceallaigh could not identify the charged secondary particle, 
which could have been a meson or an electron. 

The positively-charged V-shaped track observed by Rochester 
and Butler cannot be analysed in detail because the momentum 
of the incident particle is unknown. It is possible, however, to 
assume any one of the decay schemes (1) to (5) of Table 11 and 
use the secondary momentum to calculate the minimum possible 
value of the mass. These minimum values are given in row 7 of 
Table 11; 
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The various schemes each give fairly consistent mass values, 
but with only a few events analysed fully, it is not possible to 
judge if any one scheme is more consistent than the others. The 
scheme: 

V* + 71° 

gives several mass values which fit quite well with the one direct 
mass measurement which has been made so far. 

11. 6 The mean rest lifetime of charged V-particles 

It is impossible to find the lifetime of the charged V-particlo 
from the properties of the very small number of events so far 
identified. Seriff et al. suggest that the lifetime may be much 
shorter than the value they obtained for the neutral V-particles. 
They found twenty-five neutral V-particles from above the chamber 
and five from the lead plate; at the same time, one charged V- 
particle came from the lead above the chamber and three from t he 
plate. These figures indicate that the majority of tho charged 
V-particles may have decayed before reaching tho chamber, owing 
to their very short lifetime. The number of events is small and t ho 
conclusion may be incorrect if one or two of the charged V-shaped 
tracks can be explained by the decay of yr-mesons rather than by 
V-particles. 

The lifetime of charged V-particles is unlikely to be* short or 
than 10 -10 sec., because the Pic-du-Midi group and Bridge* nnd 
Annis have both observed the decays of several slow V-particles. 
In fact, the lifetime may be quite long if the event in Plato XVI is 
similar to the negative r-meson observed by Butler e,t al. [1050 ]. 
These workers observed three slow r-mesons, with a total track 
length of about 20 cm., which did not decay in the chamber. 
Bridge and Annis have found seven cases in which a particle 
entered the chamber from the counter set and apparently stopped 
in one of the plates. In each case, a single secondary particle, at 
minimum ionization, emerged from the bottom of the plate. One 
of the secondary particles traversed about 3 cm. of lead without 
multiplication. Bridge and Annis concluded that this secondary 
could not have been an electron and so they could not interpret 
the event as the decay of a ^t-meson. They were of the opinion that 
some of the other cases cannot have been fi -> e decays and (son- 
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eluded that several may have been examples of the decay of slow 
V-particles. If these conclusions are correct, then the mean lifetime 
of the charged V-particle cannot be much shorter than 1CT 9 sec. 

12. Conclusions 

Convincing evidence has been obtained for the existence of 
unstable charged particles, heavier than re-mesons. It is not yet 
certain how many of these particles exist and a very considerable 
amount of work on their properties will be undertaken in future 
years. The principal conclusions may be summarised as follows: 

12.1 Three examples of the decay of charged particles each into 
three re-mesons have been observed in photographic emulsions. In 
two of these the mass of the unstable particle was close to 1000 m r 
One example of the decay of a charged particle into a single charged 
secondary has been identified in a photographic emulsion. The 
mass obtained from a study of the track of the unstable particle 
is (1260 ib 290) m# possibly a higher value than that obtained by 
similar measurements on the r-mesons. 

12. 2 About thirty charged V-shaped tracks have been observed 
in cloud chambers, each involving one charged secondary. It has 
been shpwn that momentum measurements must be made before 
the events can be distinguished from the decay of re-mesons, which 
are relatively common in penetrating showers. The Pic-du-Midi 
group have observed seven examples of the decay of charged 
particles, heavier than the re-meson. 

12. 3 Several heavily-ionising particles have been observed to 
decay in the gas of cloud chambers. Up to April 1951, however, 
only two have been observed in a magnetic field and their tracks 
were too short for momentum measurements to be made. 

12.4 The masses of several charged V-particles have been cal¬ 
culated on the basis of a variety of assumed decay schemes. The 
choice of decay schemes is influenced by evidence on the nature 
of the secondary particles; one secondary particle has probably 
been identified as a.re-meson. In one case there is evidence which 
suggests that the neutral secondary may have been a neutral V- 
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particle, probably the type with a mass of about 800 m 4 . If the 
charged V-particles decay according to the scheme: 

V±-»-w± + V®, 

then their mass is within the range (1200—1500) m t , a rather 
higher value than that found for the r-meson. On the other 
hand, if both secondaries of charged decays are 7 r-mesons, then 
the V-particle mass is about 1000 m e . 
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INTRODUCTION 


With the discovery of the neutron (Chadwick [1932]) and the 
positon (Anderson [1932]), all nucleons and leptons that we 
now know had been observed (the existence of the neutrino was 
assumed from ft~ -radioactivity). The first successful quantum 
mechanical description of a non-electromagnetic interaction 
between elementary particles was given by Fermi [1934] for 
/?'-radioactivity; Wick [1934] in the same year showed the direct 
extension to the newly discovered /?+-radioactivity. However, this 
interaction was much too small to explain nuclear forces. The 
meson hypothesis of Yukawa [1935] removed this difficulty, and 
suggested the coupling scheme between elementary particles 
according to Figure 1; it was then natural to classify particles as 
nucleons, mesons and leptons. 

("ip)-£-Q-£-0) 

Fig. 1. Coupling scheme before 1947 

The theory predicted (Tomonaga and Araki [1940]) the 
absorption of negative mesons by nuclei, and this was verified in 
experiments with lead and iron, but Oonversi at al. [1945, 47] 
showed, unexpectedly, that most negative mesons stopped in 
carbon decay. The validity of the scheme was then doubtful, and 
the discovery of the Tt-moson (Lattes et al. [1947]) destroyed it 
completely. 

More recently, numerous schemes have been proposed (see for 
instance, surveys of the question in different years: Rosenfbld 
[1948b] and Yukawa [1949]). Even the problem of nuclear forces 
has not yet been solved in terms of meson fields, and several new 
reactions, some involving new particles ( 7 i°-mesons, heavy mesons), 
have been discovered in 1950. 


1. the physics op particles 

Any physical result is based on experimental data and theor- 
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etical hypothesis, and it is necessary to know fully its bases in 
order to appreciate -its value and the limits of its validity. In the 
present state of physics, with the obvious specialization of physicist s, 
it is often very difficult for experimental and theoretical people to 
know the exact significance and implications of their mutual 
discoveries. It is necessary for experimental cosmic ray workers 
to have right and precise ideas of the theoretical concepts they 
have to use to make qualitative deductions, (quantitative cal¬ 
culations are left to the theoreticians, and, moreover, form the 
weakest part of the theory !). In this paper it seems useful, after 
a short summary of experimental data on particles, to give a 
review of the framework of the theory as it is currently in use*, 
and to show what is the basis of the main laws and theorems 
(conservation laws, Furry’s theorem etc.) useful for the qualitative 
study of reactions and couplings between elementary particles. 
This, together with the trite, but essential, specification of units, 
is the aim of the present section. 

1.1 Experimental data 

Experimentally, particles are at once classified into charged am! 
neutral particles. Neutral quanta (photons, ^-mesons) have 
strictly no charge, while within experimental accuracy (a few 
per cent.) charged particles have all the same amount of electric 
charge, with both signs of charge for electrons and mesons. This 
amount is supposed to be strictly the same for all charged part ieles, 
and this implies that neutrons and neutrinos have strictly no 
charge. Only for electrons has each charge conjugate state been 
named — negaton and positon. Particles are further experimentally 
characterized by their rest-mass. Table L gives the list of mass 
values and the notation used in this paper, and numerical result s 
given by authors will be corrected by taking into account these 
values if necessary. Latest references of experimental data are 
indicated; see also Powell’s [1950] review on mesons. 

There are mesons heavier than ^-mesons; the existence of these 
particles is certain, but their masses are not yet known with any 
accuracy. The properties of these particles will be studied in 
§ 2. 5 and § 2. 6 under the titles: “Neutral V-mesons” ami "('hargeri 
V-mesons and r-mesons”. We shall not, however, consider here 
varitrons (see Daudin [1950] for a critical survey) nor the photo* 
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graphic plate evidence of decays attributed to them (AxiIKHaniyan 
et al [1949]). 

Other characteristic properties of free particles: mean life, 
magnetic moment and spin, will be reviewed separately for each 
of them. 


TABLE 1 


Particle 

Mass 

notation 

Mass 

value 

Experimental data 

e electron 

m 

unit 



v neutrino 

V 

0 

< 0.002 

Curran et al. [1949] 

ft /a-meson 

p 

213 

210 ±4 

215 ±4 

212 ± 4 

Smith et al. [1950] 
Retallack, Brode [1949] 
Peyrou, Lagarrigue [1950] 

i 

S 2 T d: -meson 

K 

271 

271.4 ± 2.5 l 

n j o 

c TT -moRon. 
n, p nucleon 

M 

261 

1837 

261 ± 4 ) 

Moyer Harwell Conf. [1950] 

Difference M H — M p 2.53 

2.53 ± 0.025 
2.535 ± 0.012 

Robson [1951] 

Hornyax et al. [ 1960 ] 


1.2 Theoretical methods 

Many authors have attempted to develop fundamental theories 
giving the number of elementary particles, their rest-masses, and 
so on .... Others have tried to describe some particles as con¬ 
stituted of sevoral other “elementary” particles (generally a pair 
of fermions). However, up to now the only far reaching attempt 
for the description of the properties of particles is the field theory: 
the wavo function of a field satisfies equations defined for a given 
valuo of the spin, and which contain the mass of the particle as a 
parameter. Essays have been made for describing particles with 
several states of mass, but until now only particles with one mass 
and one value of spin have been widely used for explaining or 
forecasting experimental data, the values of spin being restricted 
to 0, J and 1. An excellent report on non-interacting field theory 
has been given by Pauli [1941], since when no essential progress 
has been made on the subject. For fields in interaction, formal and 
substantial progress has been made since 1948 (see papers of 
Tomonaga, Schwinger, Fbynmann, Dyson and so on), hut 
it is more or less restricted to electrodynamics. 

The only relativistic equation for spin £■ particles that has been 
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widely used is the Dirac equation. There are two possibilities for 
describing spin 0 particles: the wave function can be cither a 
scalar, 8 , or a pseudoscalar, P ; this is also true for spin 1 particles, 
the wave function being either a vector, F, or a pseudovector, A . 
In the following we shall indicate these four possibilities for bosons 
by the letters 8, V, A, P. 

Charged particles are described by imaginary wave functions 
satisfying gauge invariant equations; imaginary wave functions 
are also necessary to describe neutral particles with a magnetic* 
moment: their wave functions are directly coupled with the 
electromagnetic field, and not with the potential, and therefore 
gauge invariance is not imposed. In both cases there arc two states 
of the particle, with opposite charge (for charged particles) and 
opposite magnetic moments (for spin 0 particles). Most physicists 
believe in the existence of negative protons and antineutrons, but 
this question can ultimately only be solved by experiment h 

Photons and ^-mesons are described by real wave functions; 

it is not yet known whether neutrinos must be described wit h two 

states (called in the following “neutrino” and “antineutrino”) or 

only one state (see § 3. 1 for discussion) as is possible with the 

Dirac equation (Majobana [1937]); in this case the wave function 

is real if a convenient representation of Dirac’s matrices is used: 

/— > ~ 

a = a* = a, = —/?. In the following, we shall refer to 

fermions with only one state as “Majorana particles”. 

It must be emphasized that there is actually no theoretical 
distinction between “kinds” of particles; the isotopic spin formalism 
allows one to speak of protons and neutrons as the same particle, 
the nucleon; electrons and neutrinos as the same particle, the 
lepton; but this is only a more condensed way of writing, and It# 
does not correspond to a deeper theoretical concept a . 

1 Searches for negative protons have up to now led to negativo results. 
However,'they have mainly been based on the study of /?“-radiouetivo 
nuclei emitting delayed neutrons (since M n + m > M v ), Brojda et al.[\\Ul j 
Sun [1949], Scott and Tittebton [1950], and in this caso the theory 
forbids the spontaneous emission of negative protons, os was pointed out. 
by the last authors (see also Michel [1950b]). We would oxpoct. the main 
source of antinucleons to be pair production of nucleon-antinuoleon in Mu* 
very energetic events of cosmic rays; they will disappear by annihilation. 

2 It seems possible, for fermions, to distinguish between “kinds” of 
particles by the anticommutation of the wave functions of the “samo” kind 
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For the study of coupling properties between particles we shall 
study “reactions” between these particles; a reaction is defined 
by the nature and the “charge conjugate state” of the involved 
particles and by the set M of the values of the dichotomic variable 
M for each particle: M = — 1 when the particle is absorbed, and 
M = 1 if the particle is emitted. In the following we shall also use 
the dichotomic variables L and K: if Ce is the charge of the particle, 
for a charged particle L = C, for a neutral particle with a magnetic 
moment L is a function of its sign (here it will be chosen as the 
opposite of this sign because of the neutron), and for a neutral 
particle without magnetic moment (photons, probably :7z 0 -mesons 
and perhaps neutrinos) L is arbitrary. K is defined by K = LM. 
A given reaction can be characterized by L and M, these notations 
representing the two sets of values of L and M for each involved 
particle. 

1. 3 The conservation laws 

The conservation laws summarised below, with the exception 
of the last, apply also in classical theory. They are expressed by 
group invariance, this condition restricting the number of possible 
terms in the Lagrangian. The information given by the application 
of these laws is absolutely independent of the particular hypothesis 
for the interactions between particles and even of the imperfect 
state of the theory. All physicists apply them in the same order 
for excluding impossible cases, but the selection rules due to the two 
last laws have not been well known. 

Conservation of charge: invariance under gauge group. This can 
be expressed for a reaction between n particles by 

(l) rM 4 C 4 - 0 - 27'K, 

E* indicating summation over the charged particles only. 

Conservation of momentum and energy : invariance under Lorentz 
displacement group. If k 4 is the four vector momentum-energy of 
the i^ particle, the law is: 2 , M 4 k < — 0. 

of particles and the commutation of the wave functions of particles of 
“different” kind: sec, for instance, Nihhijima [1950] who deduces certain 
selection ruleH for decay from such a distinction. But it can easily be shown 
that these two ways of writing arc equivalent. 
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Conservation of angular momentum . This law requires that the 
number of fermions involved in a reaction must be even. For 
a given system of particles we shall call J its total angular 
momentum: it is the sum of the angular momenta and the spins. 

A system of two bosons with opposite momenta cannot have all 
possible values of J in the following three cases: 

(a) For two photons, J ^ 1: Landau [1948], Yang [1950a], 
Peasleb [1950], and Stbinberger [1949b] quotes also 
Wigner for this result. 

(b) For two identical spin 0 bosons, J cannot be odd (see for 
instance Peaslee [1950]). 

(c) For one photon and one spin 0 boson, J zfi. 0. 

Conservation of 'parity . This law has no classical correspondence, 
its importance was shown by Wigner [1927]. 

We can decompose the Lorentz group Q of transformations into 
C » (l + T)(l + R)£>1 (see, for instance, Bhabha [1949]) where T 
changes x, y> z , t into x , y,z , — t and R changes x , y, z, t into — x , 
— y, —z, t Invariance under the group jS| gives the conservation 
of angular momentum. Time has an absolute orientation for us, 
therefore all physical laws cannot be invariant under? 7 , the reversal 
of the time direction (however, this non-invariance under 2^may be 
limited to statistical mechanics). But, outside biology, we cannot 
in nature make any distinction between right-handed and left- 
handed frames of reference; therefore no physical law allows us 
to distinguish between the two kinds of frame, and they must 
all be invariant under transformations RH\ exchanging two frames 
of different kind, i.e. they must be invariant under the group 1 + R. 
However, wave functions do not need to be invariant for R , 
thence the possible distinction between 8 and P mesons, V and A 
mesons. 

Here we shall give the results of parity conservation only in the 
case of the spontaneous decay of a particle into integral spin 
particles; there is no need to specify which is the initial particle 
and which particles are secondaries. Decay is forbidden for the 
following sets: 

8SP , PPP, 88 A, PPA , SP F, 8S8P , SPPP, 
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(see Peaslee [1950] for the decay into two spin 0 mesons; Michel 
[1951] for all cases) 3 . 

These results are very fundamental, and the only hypothesis 
made for their validity is that there are only scalar coupling 
constants (no pseudoscalar coupling constants: see § 1. 6 and § 3.6). 

1.4 Coupling between fields 

The field equations mentioned in § 1. 2 are deduced by a vari¬ 
ational principle from a Lagrangian which contains quadratically 
the field variables or, bilinearly, these variables and their first 
derivatives 4 . This Lagrange function must be a scalar. The field 
variables y; of non-interacting fields can, by quantization, be 
decomposed into plane waves which describe creation and annihil¬ 
ation of particles when they are applied to a state vector. There 
are interactions between the fields when there are, in the Lagrang¬ 
ian, terms formed with the ip ’s (or the first derivatives of one of 
them) of different fields. Field equations are deduced in the same 
way, but they cannot be solved exactly; an approximate method 
must bo used, generally the perturbation theory where the coupling 
terms arc considered as small and their presence perturbing only 
the ip's of free fields. This is why we can still speak in terms of 
particles, of their creation and their annihilation 6 . 

We use the notation ipf 1 — ip t if K 4 « — 1, and = ip* if K< = 1 ; 
we can define a coupling between fields by K, the sot of values of 
the K* in the interaction terms of the Lagrangian; this coupling can 


8 The list of those sots has been givon. by Fukttda et ah [1960a] who 
found for them no Lorentz invariant terms of the S-matrix in particular 
lowest order perturbation calculations; soo also papers of Oneda, Ozaki 
and Sasaki quoted in § 2. 5. 

4 It is not impossible, indeed, to have a Lagrangian containing higher 
derivatives of tlio field variables, and the equations would then bo partial 
differential equations of higher order, but the physical solutions taken are 
still restricted to piano waves for non-interacting fields. 

6 All the theoretical numerical results wo shall use are obtained with this 
weak coupling method; there are other mothods: strong coupling theory, 
more or less phenomenological methods for multiple meson production 
(Hoisonberg, Fermi) etc., but they aro not applied to the whole problem 
of coupling between particles. The first question to be answered is: can the 
usual theory give an acceptable solution to thiA problem? We restrict this 
papor to the ordinary weak coupling theory. 
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contain several terms if it is possible to form several independent 
scalars with the involved ipf 1 or the first derivatives of one of these 
The coefficient of each term is a coupling constant. The 
Lagrangian must also contain for any term which is not self 
conjugate, its hermitian conjugate; these conjugate terms cor¬ 
respond to the sets —K of the values of K ( . With the Majorana 
representation of Dirac matrices (see § 1. 2) and appropriate 
notations, the K defined here are identical with the K defined in 
§1.2; therefore the possible "first order” reactions L, M for a given 
coupling satisfy 

(2) = K 4 or L,M 4 ==-K, 

We shall call a "class” the set of all possible first order reactions 
of a coupling ± K. 

Now the operator which transforms the function representing 
the initial state into that representing the final state, i.e. the 
S-matrix or the perturbation Hamiltonian, is developed in in¬ 
creasing powers of the coupling constants, and a very intuitive and 
useful graphical representation of the perturbation theory has been 
introduced by Feynmann and Dyson [1949]. The physical reaction 
can be considered as the result of a sequence of "first order” 
reactions (each represented by a vertex of the graph); these inter¬ 
mediary reactions are virtual, and the particles absorbed in those 
reactions have been emitted by a previous one, if they are not the 
initial particles themselves. In the graph, virtual particles are 
represented by lines joining two vertices, real particles by lines 
touching only one vertex. 

Example 1. We consider the two couplings f and e responsible for 
the first order reactions: 

/, p + p + + rc°; e, p + ->■ p + + y. 
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The three successive virtual reactions n° p + + p", p'“ -* p~ + y, 
p + + p--*y, give the real reaction n° ->2y, and the graph of the 
processes is given in Fig. 2; an alternative for the second virtual 
reaction is p + p + + y and gives the same graph. 

Example 2. A graph can be composed of disconnected parts; 
here is an example. The atomic masses of Aj°, KJJJ, Ca^ are respect¬ 
ively 39.9755, 39.9756, 39.9751 (Rosenfeld [1948a]), therefore 
the /5~-decay of Ajg is not possible, but the virtual reaction: 

n (of A") p + (of K") + e- + v 

followed by the reaction: 

n (of KJS) -> p + (of Ca* 0 °) + a" + v 

gives a real reaction: 

2n (of Aj®) -> (of Ca*°) + 2er + 2v. 

The graph of this reaction is given in Fig. 3. If the neutrino is a 
“Majorana” particle (see § 1. 2), one can have either the graph of 
Fig. 3 or the graph of Fig. 4, corresponding to the reaction 

2n (of A“) -> 2p + (of Ca*°) + 2e~ ; 

but if the neutrino has two states (“neutrino” and “antineutrino”) 
only the graph of Fig. 3 is possible, as is easily seen. 




Fig. 3. Graph of Fig. 4. Graph of 

2n (of A 40 )-*■ 2p + (of Oa t0 )+ 2<r + 2* 2n (of A") ->■ 2p+ (of 0o“) + 2e" 


Tho number of vertices in a graph gives the “order” n of the 
phenomenon; this moans that its probability is proportional to a 




136 


COUPLING PROPERTIES OP PARTICLES 


homogeneous polynomial of degree 2n in the coupling constants 
involved 6 . 

It follows from the principles of perturbation theory that the 
graphs of minimum n for a process give the main contribution, 
and the graphs with larger n give only higher order (sometimes 
called “radiative”) corrections. 

From this formal study of coupling we deduce easily that the 
existence of a reaction M, L implies the existence of reactions 
— M, L (reversibility in microphysics), M, —L (charge conjugation) 7 
and all the reactions (virtual or real) which have the same or 
opposite K (K* = L { M { ) from the observed one. 

1. 5 Couplings commonly used 

All possible couplings of the theory are not used for calculations; 
nearly all authors avoid the use of derivatives of Dirac wave 
functions and of imaginary and pseudoscalar coupling constants. 
A rapid review of the other (used and unused) possibilities is given 
here. 

It is possible to form five invariants with two Dirac wave 
functions yf l and yf'. With the Majorana representation (see §1.2) 
of the matrices, these invariants can be written yf 1 F^*: % = 1 
yields a scalar s", i = 2 the four components of a vector v", i = 3 
the six independent components of a skew tensor t ", i = 4 the four 
components of a pseudo vector a", i = 5 a pseudoscalar p n . Among 
the 16 matrices F, 10 are symmetrical and 6 antisymmetrical; in 
the Majorana representation they are distributed so that 

(3) Fi = — OiFi with 0 4 = 1, —1, —1, 1, 1. 


6 Particle lines can only join at a vertex, therefore it is not coherent 
with the theory to use such a graph, for 

instance, for the coupling responsible for the - -■ --a--?- 

reaction jjl~ -»■ s~ -f v + + v~ (v+ and v- are / \ 

the two states of the neutrino), as was sug- y { \ v 

gested by Ogawa and Kamefuchi [1950a] 

for making possible the reaction (in *. 

the presence of other particles intervening in the rest of the graph and 
assisting energy-momentum conservation). 

7 There is a complete symmetry between charge conjugate states of a 
particle; a correct use of Dirac’s hole theory cannot give different results 
when one permutes the role of the holes and the particles. 
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If the two yj K are identical, from the anticommutation relations 
we immediately deduce: 

(4) w fF^ K = ly, K (F-F)y> K = *(1 + OJyPFtyP i.e. 2 ?" = t" - 0. 

There is an arbitrary factor in the FJ s; it can be removed in the 
coupling constants and it is then possible to have all the F 
hermitian: 

(5) F\ = F { 

With the wave functions a, v, a,, f of S, V, A, P bosons (see 
§ 1. 2) and with the vector 5> /4 = ti/lx, 7>lly, 'bj'dz, 'b/'bt, it is possible 
to form four other invariants v' t' t' a . 

8 1 V 7 a 1 3 > 

Caae 1. Coupling between one boson field and one fermion field, 
(a) charged fermion field: the boson field must be neutral, and we 
suppose that it is described by a real function. The only possible 
form of the coupling terms (see § 1. 4) is 

(6) G = f i9i -y^F iV - K + h.c. 

where indicates a scalar product, <p either the boson wave 
function or its first derivatives and “h.c.” the hermitian conjugate. 
Using equation (5), equation (6) can be written: 

(7) G - (/ + f*)<p.y> K Fyr* 

and wc are loft with only the real part of the coupling constant; 
in other words, in this case the coupling constant must be real. 
C is also charge conjugate, since (see equation (3)), 

( 8 ) C ■= = 

- i9v(/ i v K *>~ K + 

on account of the Major an a representation of matrices 8 , the 

8 The Majorana representation of Dirac’s matrices does not restrict 
the validity of tho formalism; if it is not used, one has to introduce for 
charge conjugation a matrix C (see Pauli [1941]), the wave function of the 
Majorana particle is no longer real but there is imposed a more complicated 

condition.everything is, of course, equivalent, but written in a more 

complicated way. The Majorana representation is more convenient for all 
covariant calculations. Nevertheless tho Dirac representation is much more 
used: historically it was the first, and it is more convenient for non-relativistic 
calculations (separation into large and small components). 
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second term is deduced from the first by changing K into —K (this 
ohanges L into —L, see § 1. 2 and §1.4) which is the charge con¬ 
jugation, but we note that the coupling constants are multiplied 
by 6 t . This important result will be used in § 1. 9. 

We can now list all possible terms. There are eight. For scalar 
mesons: f a qn^ Fyi~ K = f g ss" and Xf' s F% ip~* = Xf a v ' a ■ v", these 
will be noted Ss and Sv; for vector mesons: f r v • v" and A f' r t' v -t", 
noted Vv and Vt ; for pseudovector mesons: f A a• a," and hf' A t' A -1", 
noted Aa and At; for pseudoscalar mesons: / p pp" and A f' p a' p • a", 
noted Pp and Pa- We have multiplied the coupling constants f 
(of the coupling terms containing derivatives of the meson wave 
function) by A = Tijxc, the wave, length of the meson; then / 
and' f have the same dimensions since has the dimension of 
the reciprocal of a length. 

If the boson field were described by an imaginary wave function, 
only the real part would be significant (as for f in equation (7)); 
for this reason neutral mesons are described by neutral wave 
functions. From these theoretical considerations they must have 
no magnetic moment. 

(b) neutral fermion field. If this is represented by an imaginary 
wave function, we can form exactly the same couplings as in (a); 
this is done for the neutron. There is another possibility with / 
imaginary as well as the wave funotion; because of equation (4), 
this is only possible for s, a, and p couplings. If the fermion is a 
Majorana particle, there is only one possibility which can be 
deduced from any of the previous cases by omitting the useless K; 
equation (4) shows that there are no Sv, Vv, Vt, At couplings, and 
thus a Majorana particle cannot be ooupled with vector mesons 
or with photons. 

Case 2. Coupling between one boson field and two fermion fields. 
It would be significant here to use imaginary coupling constants, 
but it is possible by means of the isotopic spin formalism (see 
§ 1. 8) to write the coupling terms in a form identical to Case 1(a), 
. and if we restrict ourselves to this form we obtain the same limit¬ 
ations as for Case 1(a). 

Case 3. Coupling between four fermion fields. Five invariants 
can be formed with the first two fields: s" v v" v t" v a", p[, and 
five other invariants with the remaining two fields: a", v", t" 2 , a", p"; 
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by scalar products it is then possible to form five scalars «/ 4 where 

Ji — s" si + h.c.; J 2 = + h.c. etc-For this kind of coupling 

we shall use the notation g for the coupling constants, and the 
most general coupling is a linear combination of five terms: 

(») 0 = fj/i. 

It is possible here to take the g imaginary, and this possibility is 
discussed in § 1. <5, but in this paper the g will be taken as real. 

One can show the following properties for the J (Michel 1950a): 
if the order of the yj K in the J 4 is changed, the new J 4 are linear 
combinations of the old ones (see Fierz 1937); if two (or more) 
are identical, there are only three (or one) independent / 4 : this 
result will be used in § 3. 2. 

1. 6 Couplings not commonly used 

(a) Couplings with derivatives of the fermion fields. Such 
a coupling was used for /5-decay by Koetopietski and 
Uhlhnhhok [1935]; it was a direct coupling between n, p, e, v 
and it contained the first derivative of the neutrino wave function. 
It was put forward to fit experimental data, but it has since been 
rejected in the light of better experiments. No study has been 
made of meson-nucleon coupling involving derivatives of the 
nucleon wave functions. Some cases would be identical with the 
usual couplings, but most of them would give quite different 
results. Such couplings, with derivatives of nucleon wave functions, 
have probably not been used for the historical reason of cor¬ 
respondence with electrodynamics. 

(b) Use of psoudoscalar coupling constants is allowed for the same 
reason as the use of psoudoscalar or pseudovector wave functions: 
the observable results arc oven functions only of coupling constants 
and of wave functions. Then, the coupling constants are formally 
written in the same way but their meaning is different. The first 
use of a psoudoscalar coupling constant was made (although not 
of intent) by Vmmi [1934] in his paper on /5-decay (direct coupling 
between lour fermions); Konopinski and Uhlbnbeck [1935] 
using scalar coupling constants found the same result as Fermi 
except for the terms containing tho neutrino mass (which cor¬ 
respond to a change of sign of the neutrino mass), a discrepancy 
which has been explained by Racah [1937]: this result can be 
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shown to be quite general. There are no essentially new results if 
scalar g and pseudoscalar $ coupling constants are used in the 
same coupling, hut their interference will give terms of the form 
g § A, where A is the only pseudoscalar which can be formed with 
four particles: it is the determinant of the four components of the 
four k fourvector momentum-energy of the particles; for four free 
particles A = 0 on account of energy-momentum conservation 
(= 0); for bound particles, inside a nucleus, for instance, 
these terms may give important results. Modifications to the 
transformation law for Dirac wave functions under space 
reflexions have been proposed by Jarkov [1950] and Yang 
and Tiomno [1950]; these can be shown to be strictly equivalent 
to the possibility of using pseudoscalar oeupling constants. 
Such a use has been proposed practically by Schoenberg [1941]; 
there is no longer any distinction between scalar and pseudo¬ 
scalar meson, vector and pseudovector meson. A spin 0 meson 
can have four coupling terms with nucleons: those already 
labelled 8s, Sv, Pa, Pp, while a spin 1 meson can have the four 
coupling terms Vv, Vt, At, Aa. In other words, spin 0 mesons can 
have properties of both S and P mesons, spin 1 mesons those of 
both V and A mesons (see calculations from Enatsu [1950]), but 
no other new physical effects occur when A = 0. As we pointed 
out in § 1. 3, the use of pseudoscalar coupling constants would 
modify the form of results due to parity conservation. 

(c) Imaginary coupling constants. We have seen in which oases 
coupling constants can be imaginary. It is easy to show that diff¬ 
erent observable results are obtained only for the terms containing 
the product of different coupling constants of the same coupling 
(as defined in § 1. 2, for instance 8s and Sv, or the five ^ 4 J 4 ). 
One can for instance have instead of the expression g^jE^ for 
real g, the expression cos 6, 0 being the phase differ¬ 

ence between g { and g } in the complex plane. Thus, the use 
of imaginary coupling constants, when it is allowed, would in¬ 
troduce more arbitrary constants (phase differences) which would 
eventually decrease the importance of interference between the 
different terms of the same coupling; moreover, the domain of 
validity of Furry’s theorem (see § 1. 9) would be modified. 

In the following we shall use for the purposes of our discussion 
only the commonly used couplings of § 1. 5 and neglect the 
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possible couplings described in the present subsection. Theory- 
might be saved by the introduction of more arbitrary constants, 
but one has first to try the simplest hypotheses for fitting experi¬ 
mental data. We therefore explicitly make the following simpli¬ 
fying hypotheses for coupling: coupling constants scalar and real, 
derivatives of fermion wave functions excluded. 

1.7 Units 

The best system of units for theoretical studies of coupling 
becomes apparent during computations. The method of intro¬ 
ducing coupling constants / and /' in § 1. 5 is formally similar to the 
use of Heavyside units in electrodynamics, where e 2 /4:rc/ic = 1/137. 
It is now usual to use the natural system of units where ft = c = 1, 
in which the product of a mass by a length is a pure number. Since 
fi/mc = 3.85 KT 11 cm in c.g.s. units, (electron mass, m) (1 cm) = 
l/(3.85 10“ u ). If % is the mass of a nuclear (integral spin) meson, 
(1 /«)<> /4 is dimensionless (see § 1. 5, here A = 1 /«) and f as well as / 
and e is dimensionless. In this system, the values of / 2 , f' 2 and e 2 
are the values of the pure numbers / 2 /Sc, /' 2 /fe and 4rc/137. 

Now we can express the dimensions of every quantity by a 
power of length or of mass by multiplying it by the requisite 
powers of h and c; here we choose mass, and, for instance, time 
has the dimensions (mass)"'’ 1 . We have already chosen (§ 1. 1 table 
1) the mass of the electron as our mass unit, and it is also the 
unit of energy and momentum. In the system where li c m — 1, 
the unit of length is 3.85 10“ u cm (the Compton wavelength of 
the electron) and the unit of time 1.28 10~ 21 sec. (i.e. fi/mc 2 ); thus 
wo multiply the values of time expressed in this system of units 
by 1.28 1CT 21 to bring them to seconds. 

In the c.g.s system the g constants arc expressed in ergs.cm 3 . The 
pure number, (< 7 /mc 2 )(/i/mc)"“ a , used by many physicists (see for 
instance Bethm [1947, p. 99]), is evidently their value in the 
system ft c ~ m =- 1. 

1. 8 Isotopic variable 

This name, proposed by Rosenfeld [1948a, p. 51], is better 
than the more usual “isotopic spin”. As we pointed out in § 1.3 
this formalism is only a more condensed way of writing, which 
allows one formally to write the coupling of a charged and/or a 
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neutral boson with two fermion fields (generally two nucleons or 
two leptons) in the same form as the interaction of one boson 
field with one fermion field (§ 1. 5). 

(a) charged meson field <f >, proton field yj p , neutron field ip n ; 
coupling, 

(10) C = + 

Let us write <f> = <j> x + i</> 2 with <j> x and (j> 2 real, and ip = ( v *j, and 

\V*p/ 

let us define the four hermitian matrices: 



Equation (10) can then be written (with f x = / 2 ~ f, and a = 1,2): 


( 12 ) g = < A,-(v*v f V)- 

a 

(b) neutral meson coupled with the proton and neutron fields by 
the coupling constants f v and /„. Let us define / 8 = £(/ n — f v ) and 
/o = i(/« + /»)■ The coupling term: 

( 13 ) G> = fj ■ (v>t F v> n ) + f v 4> • 

can be written as in equation (12) with a taking the values 0 and 3.. 
With a taking the values 1, 2, 3, 0 all these coupling terms can be 
condensed into the form of equation (12) with the condition f x = / 2 . 
only. The extension to the f is obvious. 


1. 9 Furry's theorem 

This theorem applies to the graphs containing closed loops of 
fermions. For instance, let us take the graph of Fig. 2. It represents 
elements of the S-matrix proportional to / e 2 . We have seen (§ 1.4, 
example 1), that this graph represents two possible alternatives 
obtained from each other by exchange of p~ and p + . Because of 
the charge conjugation of the formalism, this shows that the 
values of the corresponding terms of the S-matrix are obtained 
from each other by the exchange of e, / and 0 2 e, (0 2 = — 1, see 

equations (3), (8)), therefore if / is the constant of one of the coup¬ 
lings Sv, Vv, Vt, At , the sum of the terms represented by this 
graph is equal to 0 (since 1 + 0 t = 0). 

Now it is easy to show for a reaction between real bosons through 
intermediary fermion fields, that when these real bosons introduce 
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an odd number of couplings of given kinds, any graph contains 
at least one closed loop of fermion lines with an odd number of 
these couplings (because virtual particles introduce only an even 
number of couplings of any kind, and any partition of an odd 
integer contains at least one odd integer). Thence Furry’s theorem: 

Tl. A reaction between neutral bosons through one intermediary 
fermion field is forbidden if the total number of v and t 
couplings is odd. 

However, we must emphasize the following restriction: only one 
coupling term is allowed for 8 and A bosons; V and P bosons can 
have both their coupling terms ( Vv and Vt, Pp and Pa) since they 
are equivalent for this theorem, evidently Vv and Vt or Pp arid p a 
of the same meson are only counted as one. This theorem was 
proved by Furry [1937] for electrodynamics, and its evident 
extension to neutral fields was indicated. 

The isotopic variable formalism suggests an extension. The 
coupling / 3 (see § 1. 8) will be equivalent for this theorem to the 
v and t couplings, when one exchanges protons and neutrons in 
the graph considered, since /„ = —/„ for neutral mesons with a 
pure f 3 coupling (f 0 = 0). Therefore, with the supplementary 
restriction that, for neutral mesons, either f 3 or / 0 are equal to 0, 
we transform T 1 into T2: 

T2. A reaction between charged and neutral mesons through the 
nucleon field is forbidden if the number of / 3 , v, t couplings 
is odd. 

This extension of Tl was first enunciated by Fukuda and 
Miyamoto [1949c] (see also van Wyok [1950b]); they pointed out 
that T2 cannot be applied to photons (as Tl) since for photons 
/„ 0, i.e. — f 3 ■■ -■ /„ =•- 0. They also extend Tl to the case of neutral 

mesons interacting with nucleons, but we disagree with their result: 
it is true that charge conjugation gives Tl; moreover, to each 
closed loop of protons we have to add the same closed loop of 
neutrons, this contribution being deduced from the first by multi¬ 
plication by (—1)*, x being the numbor of / 3 couplings. 

T3. A reaction between neutral mesons through the nucleon field 
is forbidden if either, tho number of / 3 couplings is odd, or, 
the total number of v and t couplings is odd. 
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We must emphasize that the selection rules due to Furry’s 
theorem are valid to any order of the perturbation calculation. 

It is of course possible to extend the theorem to g couplings: for 
instance, if we consider the direct coupling leptons-nuoleons or 
H, v, n, p, we can still apply T2, replacing “charged mesons” by 
“charged mesons, electron-neutrino pairs and ^-meson-neutrino 
pairs”. The coupling constants g do not change by charge con¬ 
jugation, but the proof of T2 is based on the exchange, for the 
isotopic variable, of n and p, and the exchange of n and p change 
g { into d&i. Therefore the extension of T2 is: 

T4. A reaction between charged and/or neutral mesons and 
pairs of one charged and one neutral fermion through 
the nucleon field is forbidden if the total number of 
v, t, /„, g t , g 3 couplings is odd. 

For example, the decay of the tt- meson can be represented by the 
graph Fig. 5 from two classes of reactions: 

5r + +n->p + , n - 5 > p + + s~ + v. 

There are selection rules for this decay (valid to all orders) arising 
from P4, see § 4. 1. 



1.10 Equivalence theorem, radiative corrections, renormalization 
and regularization 

It can be shown (Nelson [1941], Dyson [1948], lb Couteur 
and Rosbnfbld [1949], Case [1949b]) that in most calculations 
to the second order in nucleon-meson coupling, the coupling Pa, 
with a coupling constant /', can formally be replaced by a coupling 
Pp with a coupling constant f = /' (M n + MJ/x, and the coupling 
Sv (with constant /') replaced by the coupling Ss with coupling 
constant f t = /' (M n — M p )l>c. This property is generally called 
the “equivalence theorem”. It is reasonable to put M n = M v = M, 
and then the Sv coupling gives no contribution when the equi- 
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valence theorem applies (for instance for second order nuclear 
forces). 

In recent years, developments of electrodynamics have been 
completely successful in explaining the Lamb shift and the anomal¬ 
ous magnetic moment of the electron (Schwinger [1948]); these 
results were obtained with the ideas of charge and mass renor¬ 
malization which enable one to separate small physical effects from 
the divergences inherent in the present state of the q uan t um field 
theory. This handling of infinite quantities is quite delicate, and 
it is only successful in electrodynamics and neutral Vv meson 
theory. Pauli and Villars [1949] have proposed a “safer” and 
more powerful, but more arbitrary, way of handling these math¬ 
ematically meaningless quantities: regularization. For many decay 
processes, the results we shall quote have been obtained with the 
regularization procedure, but this will always be specified. 

One of the simplest radiative corrections in meson theory leads 
to the magnetic moments of nucleons; for pseudosoalar meson 
theory, calculations have been carried out (in the lowest order) 
both with old and recent methods, all give the same result 
(Luttinger [1949a], Slotniok and Hbitlbr [1949], Case [1948, 
1949a], Borowitz and Kohn [1949]), but this result does not fit 
with experimental data. Luttinger [1949b] however showed that 
the values of the magnetic inomonts of n and p can be found for 
a mixture of Vv and P mesons, but with very large values of the 
coupling constants. In any case, these results cannot be a test for 
meson theories. 

On the other hand, results obtained by regularization must 
not be too firmly “believed” (see §§ 2. 2, 2. 5, 2. 6 and 4. 1): they 
can be quite different from those obtained by older methods (when 
these work) and they are sometimos ambiguous. Broadly, regul¬ 
arization has failed in its aim: there is at present no a priori method 
able to handle all divergence difficulties which can be encountered 
in calculations. As we shall see, many conclusions can be drawn 
from much safer theoretical grounds. 

2. ti-MESONS and heavier mesons 
2.1 Nuclear forces 

jE-mesons can safely be identified with the particles of Yukawa’s 


10 
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hypothesis for explaining nuclear forces, but the best experimental 
confirmation of the theory does not come from nuclear forces. 
Up to now, meson theories have failed to explain high energy 
nucleon-nucleon scattering. They are not even completely successful 
for low energy scattering or for the consideration of the constitution 
of nuclei, but in these cases the particle aspect of the meson is not 
so important, and these phenomena do not allow one to choose 
between the various meson theories. Successful attempts to 
explain “magic numbers” of protons and neutrons in nuclei have 
used a shell model involving strong spin-orbit coupling. Now only 
vector mesons can give large spin-orbit interaction between two 
nucleons, and they would therefore lead to a strong spin-orbit 
coupling between an “external” nucleon and the core of the nucleus. 
But the converse argument is not true: the existence of strong 
spin-orbit coupling (not yet accounted for) in the shell model of 
nuclei does not necessarily imply the existence of such an inter¬ 
action between two nucleons; it is actually very doubtful if such 
a direct relation exists (see notes, added in proof, of Case and 
Pais [1950]). 

The most important bearing of nuclear forces on meson theories 
comes from the equality of n—n, p—p, n—p forces observed for 
low energy (S wave) scattering and from the study of mirror nuclei. 
This leads to only two possibilities for the meson theory: 

pure neutral theory : couplings given by equation (12) with 
f x = f 2 = / a = 0; there are only neutral mesons, coupled to protons 
and neutrons with the same strength (/ n = /„ = /<>); 

symmetrical meson theory : in equation (12) put /i *=* /a — dt fz an d 
/ 0 = 0; there are charged and neutral mesons, the coupling con¬ 
stants (“mesic” charge of the nucleons) of the neutral meson and 
of the charged meson have the same absolute value, but for the 
neutral meson f n = —/„. 

It is not possible to have a mixture of symmetrical and neutral 
theory with the same neutral meson, since then / n and f 9 are diff- 
erent, i.e. n—n and p—p forces are different (see Rosenfeld 
[1948b] p. 137). Of course one cannot exclude a priori a mixture 
of charged and neutral mesons of different kinds, with coupling 
constants such that the charge independence of nuclear forces is 
satisfied in its experimental domain of validity, on the ground 
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that such an hypothesis is unaesthetic! But as we shall see (§ 2. 4), 
experimental data on n* and n° mesons (without excluding the 
possible existence of heavier nuclear mesons), outside the field of 
nuclear forces, are strongly in favour of charged and neutral 
pseudoscalar mesons. 

Pseudosoalar meson theory has particular features, not shared 
to the same extent by the other theories: relativistic effects and, 
notably, higher order effects are very important. For the second 
order interaction between nucleons, the equivalence theorem is 
valid. However, the numerical values of the coup ling constants 
for the second order still depend on the method of calculation; 
even the exact solution of the relativistic equations of the 
deuteron for the second order potential (see Van Hove [1949] 
for this potential) gives a logarithmic divergence (Levy [1951]). 
The value of f' v (Pa coupling) necessary to explain low energy 
scattering and the binding energy of the deuteron is about 
C = °- 15 > and t'h* 8 coupling is formally equivalent to Pp coupling 
•with f = (2Jf/x)/,', which gives for £ about 40. Now the fourth 
order interaction between nucleons gives rise to divergences for Pa 
ooupling, but it has been calculated for Pp coupling by Bethe 
[1949] and by Watson and Lbporb [1949], and these authors 
have shown the importance of the fourth order terms (and terms 
of still higher order), which decrease the value of /• to about 4 
when they are taken into account. 

2. 2 The nature of the 3r°-meson 

The neutral jr°-meson has been observed through its decay 
products (two photons) since the end of 1949, both in oosmio rays 
(Powell, Edinburgh Conf. Nov. 1949) and produced at Berkeley 
(Crandall, Moyer and York, American Phys. Soo. meeting, 
Stanford Deo. 1949); under both conditions it was produced in 
nucleon-nucleon collisions. The mass has been measured (Table 1) 
and the mean life evaluated to be between 1 and 5 x 10~ u second 
(Carlson et al. [1950]). Production by photons on nuclei has also 
boon observed (Stbinbbroer et al. [1950]). The existence of this 
particle had been assumed from observations (Frbttbr [1948, 
1949], Chao [1949] and others) and from theoretical studies (for 
example Hbitlbr and Power [1947], Grbisbn [1948]) of the 
cosmic ray soft component and of extensive and mixed showers; 
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see also Karlon et al. [1949] and Marshak [1949c] for the obser¬ 
vation and study of a very large star (in a photographic emulsion) 
produced by an energetic a-particle and containing a narrow 
shower of about 23 charged mesons and 35 y-rays. 

The discovery of the neutral jE°-meson is an important success 
for the meson theory which had long predicted its existence and 
its decay into photons. In § 1. 3 we have seen that the conservation 
of angular momentum forbids the decay of a spin 1 particle into 
two photons, therefore we conclude that the jr°-meson has spin 0. 
But the quantitative theoretical results, based on the graph Fig. 2, 
are not so attractive. Calculations were first made by Finkelstein 
[1947] for Pp mesons, who found a lifetime of 10 -16 sec. Tanikawa 
[1947] using damping theory found 10" 24 sec. and Fukuda et al. 
[1949b] showed that some terms were not gauge invariant, and 
proposed to suppress them. The use of the regularization procedure 
is very necessary in this case, but the results are ambiguous. 
Ftjktjda and Miyamoto [1949a] and Steinbergbr [1949b] have 
made independent calculations; both give alternative values and 
they are not completely comparable. Steinberger’s results, with 
the values of M and «' given in Table 1, give for 8s and Pp mesons: 
T< =, /“ 2 10 _U sec., t v = /" 2 -4 10 -1B sec.; in both r is pro¬ 
portional to x'~ s . For the pseudoscalar meson r is too small; how¬ 
ever it is not known if the equivalence theorem applies in this case, 
and the author gives another alternative for Pa coupling, whore r 
is proportional to x '~ 7 and r-{2Mf'lx'f = 2 10 -11 sec. One dare 
not argue from these results concerning the nature of the 7 i°-meson, 
(except that Sv cannot decay into two photons, being forbidden 
by Furry’s theorem). 

There is a possibility of deciding the nature of ^-mesons which 
is based only on fundamental laws (parity conservation): for a 
scalar meson, the two secondary photons will always be polarized 
in parallel planes, while for a pseudoscalar meson the planes of 
polarization of the two secondary photons will always be perpen¬ 
dicular. This can be tested by experiment, and Yang [1950b] has 
proposed to study the angular distribution of pairs produced by 
these two photons in order to determine the parity (even for 8, 
odd for P) of the 5i°-meson. 

We shall resume this discussion in § 2. 4, after examining evidence 
about the nature of the ji*- meson. 
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2. 3 The nature of the re^-meson 

The reaction re“ 4-p + ->n + y shows that the re^-meson is a 
boson. It was pointed out by Wentzel [1949] that re*-mesons 
produced in the Berkeley cyclotron might show a polarization 
effect for star production or for decay into ^-mesons if they have 
spin 1. Theoretical calculations by Feer [1949b] have been made 
on the polarization of mesons produced by photons at the energy 
threshold; here too polarization effects would give information 
on the nature of the coupling re-meson to nucleon. Anisotropic 
effects do not seem to have been observed either for artificially 
produced mesons or for cosmic ray mesons (the latter, however, 
are probably irrelevant, since polarization effects decrease as 
energy increases). 

An interesting phenomenon for deciding the spin of re-mesons 
seems to be their production by photons on nucleons. Experiments 
were first reported by McMillan et al . [1949a, b]: in the laboratory 
system, meson production by a dEjE photon energy spectrum 
(Bremsstrahlung photons) is nearly isotropic between 45° and 
135°, and the total cross-section decreases slightly with increasing 
meson energy. Bruecknbr [1950a] showed from semi-classical 
arguments as well as from perturbation theory (lowest order) that 
the experimental distribution is in agreement with calculation 
for A or P mesons; furthermore a very characteristic feature of 
spin 1 mesons is the rapid increase of their production cross-section 
with energy, and thus the properties of a spin 1 re* -meson seem to 
be incompatible with the experimental data. The ratio of re~/re + 
production (about 1. 7 in the reported experiments) is also more 
in favour of a P meson than an S meson (see also Araki [1950] and 
Benotbt-Guhutal et al. [1950] for this last point). FERRBTTiand 
Gallon h [1950] havo proposed the study of the low energy scatter¬ 
ing of re-mesons by deuterium as compared with scattering by 
hydrogen in order to decide the parity of spin 0 mesons. A more 
decisive experiment, however, is possible. Wiohtman [1950] has 
shown that re “-mesons moderated in hydrogen or deuterium fall 
into the K-orbit before decaying or being captured, and this has 
been verified by experiment. Then the capture of a meson by 
deuterium giving two neutrons: 

(14) re" + D + n + n 
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will be very different for S and P mesons, because of the parity 
conservation law. If p is the parity of the meson at rest, the parity 
of the system D + + tz~ (in the K-orbit) is p, since D is even and L 
the orbital momentum = 0; the total angular momentum is there¬ 
fore J = 1 (deuteron spin), and the final state which is formed of 
two neutrons must also have J = 1. According to the exclusion 
principle this state is odd, and the initial state must therefore also 
be odd 9 , i.e. p is odd, and the meson cannot be scalar if (14) takes 
place. 

The absorption of n~ by deuterium has been observed at Berkeley 
(Aamodt et at. [I960]): among the three possible reactions (14), 
(15), (16): 

(15) 7r"-|-D + ->n-!-n + y 

(16) n~ + D + -* n + n + sr° 

(16) does not occur to the limits of experimental accuracy, (16) 
has been observed directly while (14) has not been observed 
directly. However, the existence of (14) can be deduoed by sub¬ 
traction, and the branching ratio (14)/(15) calculated in this way 
is about 2. The most extensive theoretical comparative study of 
these reactions has been made by Tamor and Marshak [I960]; 
results depend chiefly on the parity and spin of the meson, and not 
on more subtle points of meson theories. For 8 and V mesons the 
ratio (14)/(15) is respectively 0 and 56, and these two possibilities 
can be confidently excluded. Only in the case when n~ has spin 0 
and the same parity as te° is (16) very improbable ((16)/(14) about 
10“*), in the other cases: n~ spin 1, or n~ spin 0 while n~ and ji° 
of opposite parities, the occurrence of (16) is comparable to that 
of (16). Therefore, although the existence of an A tt"- meson is not 
strictly impossible, these experiments are strongly in favour of 
oz~ and 7 t° both pseudoscalar. Moreover, in this case the equivalence 
theorem does not apply, and pure Pa and pure Pp coupling give 
respectively for the ratio (14)/(15), the values 2. 1 and 4. 1; the 
second of these seems therefore to be ruled out. 

8 A similar argument shows that the existence of the reaction p+ + p+ -> 
-*■ D-i- + ji+ (see Peterson [I960]), if it is confirmed at the threshold of 
energy, would be unfavourable to the hypothesis of a scalar st+-meson. On 
the other hand, the observation of the angular distribution of the products 
would give an indication of the spin of the meson, Prentki [1961]. 
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According to recent calculations by Chbston [1951] the absorp¬ 
tion of a n *-meson by deuterium at sufficiently high energy (25 
MeV.) will give n + '+ D + -> 2p + with a not too small cross-section 
(of the order 10 -2S cm 2 ), and the observation of the ratio of the 
intensities of secondary protons at 90° and 180° (centre of mass 
system) would lead to a definite conclusion for the spin of the 
meson, and, in the case of spin 0, for its parity. 

2. 4 Are ** and n° mesons symmetrical pseudoscalar mesons? 

The existence of the reaction: p + + n~ (in K-orbit) n + 
also shows that if tc~ has spin 0, n~ and je° have the same parity 
(application of parity conservation only). 

Summing up the discussion, we have seen that: 

3 i° has spin 0 (de.cay into two photons), 

n~ cannot be $ or V or, very probably, A (absorption by 
deuterium), 

ti* cannot have spin 1 (slightly decreasing cross-section of 
meson production by photons with energy). 

We therefore conclude that tz~ is probably pseudoscalar, and it is 
then implied that jt° is also pseudoscalar. (Several other arguments 
support the same conclusion.) Then, as we have seen in § 2. 1, the 
charge independence of nuclear forces requires a symmetrical set 
of ti* , 3t° mesons. 

The comparable production of charged and neutral mesons by 
nucleon-nucloon collisions in accelerators (Crandall et al. [1950]) 
and in cosmic rays (Carlson et al. [1950] give for the production 
ratio in large stars iV( 3 r°)/iV( 3 E ± ) — 0.45 ± 0.10) shows that the 
coupling strengths of charged and neutral mesons are comparable. 
However, thero is one case in which this ratio of production would 
be expected to bo small (about >c' 2 /Af 2 ) according to the theory: 
this is moson production by photons on nuclei. But the ratio has 
been found experimentally to be about 1 for Bremsstrahlung 
photons from tho 320 MeV. accelerator (Stetnbbrger et al. [1950], 
Stkller and Panofsky [1951]). This experimental result has 
boon discussed by Brtjboknbr and Watson [1950b]. We have 
already seen how important tho contribution of higher terms in 
symmetrical psoudoscalar meson theory can be for nuolear forces 
(§ 2. 1); by a consideration of higher order effects for meson pro- 
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duction by photons, Brueckner and Watson have shown that 
pseudoscalar theory (and this theory only, among symmetrical 
theories) is not necessarily incompatible with experiments. 

There is an experiment which, besides a precise determination 
of the mass x! of the neutral re-meson, can give more information 
on its coupling constants; this is the capture of re “-mesons in 
hydrogen, which has been examined by Panofsky et al [1950a, b] 
at Berkeley. The following reactions have been observed: 

(17) re“ + p + ->n + y 

(18) re“ + p+ n + re 0 (and re 0 -> 2y). 

Prom equation (18), it has been found that n — «' — 10.6 ± 2.0. 
The study of these reactions has been carried out by Marshak 
and Wightman [1949b] (there are several errors, however), Ogawa 
and Yamada [1950b] (for spin 0 mesons only), and more exten¬ 
sively by Marshak et al [I960]. The branching ratio (18)/(17), 
observed to be 0.96 ± 0.20, is a function of either / 3 or / 0 (see §1.8) 
of the neutral meson. However the authors have not made cal¬ 
culations for the case of pseudoscalar symmetrical theory. The 
more refined calculations of Aidzu et al. [1950] give for pure Pp 
coupling (symmetrical theory) /* - 2.8 (we have seen in § 2. 1 that 
nuclear forces give = about 4). The equivalence theorem does 
not hold in this case. A promising way for deciding between Pa 
and Pp coupling is to study the dependence of the cross-section 
of the re-meson reactions in hydrogen with energy; this was proposed 
by Ashkin et al [I960]. 

What is the value of pseudoscalar symmetrical theory for 
explaining nuclear forces ? Por n — p and p — p scattering above 
50 MeV., meson theories have not yet explained the experimental 
data, and this is not surprising if re-mesons are pseudoscalar. In 
pseudoscalar theory, as we have already stated (§§ 2. 1 and 2. 4), 
higher order corrections are very large, and it is probably illusory 
to expect more detailed quantitative results from the weak coupling 
perturbation method; it is necessary to look for more appropriate 
methods in meson field theories for relativistic calculations. One 
may hope that the great importance of the higher order terms of 
the perturbation theory is directly related to “multiple” meson 
production in nucleon-nucleon collisions, which received strong 
experimental support in 1950 from particular stars observed in 
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photographic emulsions, and which can be studied by more pheno¬ 
menological methods (Lewis et al. [1948], Heisenberg, Fermi). 

2. 5 Neutral V-mesons 

The existence of a neutral particle heavier than the jr-meson was 
first reported by Rochester and Butler [1947], Now its existence 
is well established: the particles are observed, chiefly in cosmic ray 
penetrating showers, by recognition of the two oharged products 
of decay, which appear as V-shaped tracks in the oloud chamber. 
For a survey of the status of experimental investigations on these 
particles and their decay products, we refer to the article by 
Butler in this volume. We observe, however, that it is probably 
not at present possible to identify the meson secondaries certainly 
as Tr-mesons or as //-mesons. On account of the origin of the V- 
particles in nuclear events, and their relatively great abundance, 
it is unlikely (and probably incompatible with the observed 
smallness of the interaction between //,-mesons and nucleons), 
however, that /t-mesons are a product of decay of these particles. 
V'°. We shall label V' the particle which would decay according to: 

(19) V'° —> p + n~. 

V'° would have half integral spin, and can bo considered as an 
unstablo state of the neutron comparablo to those predicted in strong 
coupling theories (see, for instance, Rosenfeld [1948a] p. 19 ), 
or in a theory of particles of several possible rest-masses. 

V°. Wo similarly denote by V the particle which would decay 
according to: 

(20) V° -> »+ + n~. 

The most likely hypothesis is to consider V° as a nuclear meson 
decaying through its nuclear coupling. To explain suoh a reaotion 
in a coherent way, wo must show that other likely reactions due 
to the same hypothetical coupling are not more probable: these 
reactions could, very probably, only bo decays into two particles: 


(21) 

V» -> 2 y 

(22) 

V° 2nP 

(23) 

V° -» y -(- 

(24) 

and ovon V° -->■ s~ -|- e 
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The conservation laws (§ 1.3) and Furry’s theorem (§ 1. 9) can 
then give very interesting results: these results are independent 
of the nature of ji ± and of a spin 0 jr°-meson, since (with the restrict¬ 
ion only that they do not have both 8s and Sv, Aa and At or / 8 and f 0 
couplings, see § 1. 9) w + + n~ or 2n° introduce an even number 
of v, t, and / 8 couplings. Furry’s theorem (T2) does not give any 
selection rules for equation (20) but gives the nature of the coupling 
of V® (/ 8 or f 0 ); then T3 gives selection rules for equation (22)- A 
summary of the results is given in Table 2. 

TABLE 2 


Nature of V° 


Ss 

(21) V® 2 y 


, 

(22) V° 2fl&° 


. 

(23) V° y + 


A 

(24) yo e + + *- 


Tl 

(20) yo *+ + *r~ 

\ 

• 

Coupling of y° 

fo 


Sv Vv Vt At Aa Pa Pp 

T1 A A A A . 

T3 A A A A P P 

A . . . T1 A A 

? . . . T1 T1 T1 

? . . P P P P 

? . 

h U h /s /o /o /o 


(spin 0 n ± ) 
(spin 1 7i ± ) 
(by T2) 


A forbidden by angular momentum conservation 
P „ „ parity conservation 

T „ „ Purry’s theorem Tl, T2, or T3 

? „ in lowest order if equivalence theorem is valid 

Order of application: A, P, T and ?. 


We see in Table 2 that if it* had spin 1 and V° were an Aa meson, 
only reaction (20) would be allowed and all the others would be 
forbidden. However, we have concluded in § 2. 4 that rc* is 
probably pseudoscalar. We are then left with two possibilities: V° 
is either S or V. 

V° scalar. The coupling/Sv forbids (21), (22), (23) and is acceptable. 
(This coupling is never very attractive to theoretical physicists, 
because it does not contribute to nuclear forces in the lowest order). 
The coupling Ss allows decay into 2 y or 2n°. The second decay 
gives no difficulty, the lifetime for the processes (20) and (22) being 
roughly equal and twice the apparent lifetime of V®, but we know 
from the observations on the jr®-meson that the decay of a neutral 
nuclear meson into two photons is very rapid. Even if all charged 
particles in penetrating showers were jr ± -mesons, the relative 
abundance V°/jt® is > 0.06; hence, if F is the nuclear coupling 
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constant of V°, neglecting the difference of mass of V° and n° (the 
heavier mesons -would be relatively more difficult to produce), we 
have F 2 // 2 ^ 0.06. On the other hand, a heavy meson decays 
more easily into two photons than a lighter meson with the same 
coupling (in § 2. 2 we have seen that for an Ss meson r is pro¬ 
portional to x' -8 ); even neglecting this, we find for the two photon 
decays r v < r„(l/0.06) = 16 t„, thus there is a difficulty with this 
hypothesis, since experimentally r v is already about 10 4 times 
larger than x n . 

V° vector. The reaction (23) is also very rapid. We are obliged, 
for studying this question to rely on quantitative predictions of 
the theory, but it seems better to draw no conclusions! With the 
new methods, extensive calculations for all reactions have been 
made by Fukujda et cd. [1950a, b, d] and by Onbda, Ozaki, Saqa^t 
(see Ozaki et al. [1949], Oneda et al. [1950], Sasaki et cd. [1950] 
and Ozaki [1950]). The reaction (23) has also been studied by 
Finkblstkin [1947], who gives a lifetime 10“ 18 sec., and by 
van Wyck [1949] for charged mesons (his result corresponds, 
for neutral mesons, to a lifetime 4. 10“ 10 /F 2 / 2 sec.). We can 
say from these calculations that (20) is more probable than (23), 
at least for V V°-mcBons and Pp jr 0 -inesons, but its calculated 
mean life is too small. The best conclusions from the very 
interesting and extensive calculations of tho Japanese physicists 
are to bo drawn on the value of regularization; many results 
were divergent and they applied regularization, in some cases 
the divergence is reduced to zero instead of a finite result 
and the reaction is forbidden (in this order), in other cases the 
procedure gives ambiguous results. Moreover, if the regularization 
procedure is applied to all casos (divergent or finite) it also modifies 
finite results and loads to more ambiguity. Reaction (24) has been 
studied by Fcjkuda and Miyamoto [1949d] and by Stbinberokk 
[1949b]; it is relatively slower. 

Summing up, if reaction (20) is observed with the lifetime 
10” 10 sec., it favours V° being 8v, f 3 or V(t or oven v), / 3 or even, 
but much loss likely, 8s, f 0 . 

2. 6 Heavier charged mesons, V and r 

The oxistenco of heavier charged mesons has been reported for 
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several years, the first by Leprince-Ringuet and l’H^ritier 
[1944] who measured a meson mass about 1000. Now there is 
considerable experimental evidence; however these particles 
appear in three different kinds of phenomena, and for each the 
experimental data is very scarce. Here is a summary of the data, 
(for details, see the paper by Butler in this volume). 

1st kind of events : one charged secondary of decay, observed in the 
same conditions as V°. We have still less knowledge of V ± 
than of V°. The lifetime of the charged particle is probably 
rather shorter than that of the neutral particle (Serife et al. 
[I960]); the charged secondary is probably a rc-meson, and 
mass of about 1000 or 1200 would be consistent with two 
particle decay. 

2nd kind of events: a charged meson at low energy produces a 
star in a photographic emulsion, among the prongs is a 
rc-meson. The mass of the initial meson is accordingly inter¬ 
mediate between M and «, and is estimated by the authors 
reporting the three recorded examples (Leprince-Ringuet 
[1949], Wagner and Cooper [1949], Forster [1950]) to 
bp greater than 700. 

3 rd kind of events : decay into three charged particles. One case 
reported by Brown et al. [1949], two by Harding [1950]. 
Among the secondaries there is certainly one tiT- meson, 
and the other two particles are probably rc-mesons also. If 
this is so, the kinetic energies of secondaries are measurable 
in two cases, and an accurate value of mass of the primary 
follows: about 940 (using x = 271). From the energy and 
range of the initial particle (3 mm in the event observed 
at Bristol), the mean life cannot be shorter than about 
10" 11 sec. 

The heavy mesons responsible for the second and third kind of 
events are usually described as r mesons. The similarity of the 
first kind of events with the observations on neutral V'-mesons of 
course suggest the reaction 

(25) V' + -*n +rc + , 

V /+ being an excited state of the proton; since there are some 



7T-ME80NS AND HEAVIER MESONS 


157 


negative V' particles antinucleons must also be introduced. How¬ 
ever, this hypothesis is unable to explain events in the other two 
categories, while all three kinds of events suggest that \ T± may be 
a nuclear meson. Is it possible to explain these different events 
in a single scheme? The hypothesis of the reaction 

(26) V* Tt* + 

would lead to difficulties, since then the reaction 

(27) Y ± -h>■ n* + je* 4- n* 

involving one more meson would be less probable and not observed. 
The existence of (27) implies the existence also of 

(28) V* + 2tz° 

which can be used to explain events of the first kind. Since it is 
understandable that decays with only one charged particle may 
be missed or not identified in photographic emulsions (and some 
observations have been reported which could be interpreted as 

(28) ), it would be noteworthy if events (28) had been identified in 
the cloud chamber without the detection of reaction (27), which 
would be equally probable. 

However, the Manchester group (Armenteros et al., reported 
by Blackett at the Harwell conference 1950) has obtained one 
cloud chamber picture suggesting 

(29) V* V° + ** 

while Brode stated at the same conference that he also had 
obtained evidence supporting this reaction. It is then conceivable 
to identify the three kinds of V* decay as due ot the same particle, 
if (26) is forbidden while (27), (28) and (29) are allowed. Furry’s 
theorem gives this result with the restriction only that it ± and 
7 t° form a symmetrical theory (see § 1. 8). 

Tabic 3 is drawn up with the supplementary hypothesis that 
^-mesons are pseudoscalar (§ 2. 4). It shows that if we accept (27) 
for V*, this meson cannot decay into two particles according to 
(26) but only according to (29). It shows that the V* meson must 
be either a P (pseudoscalar) or an Aa meson. If it is P, the reaction 

V* -► n* + y 


( 30 ) 
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is forbidden. One can expect that (since V ± is probably less 
strongly coupled with nucleons than n), (27) is only a little slower 
than (29) and so the three kinds of event could be attributed to 
the same particle. Calculations have been carried out for the 

TABLE 3 


Nature of V 

Ss 

Sv 

Vv 

Vt 

At 

Aa Pa 

p P 

(26) V* — *■ »=•= + jfi 

T2 

. 

. 


P 

P P 

p 

(29) V± _► V° + 

P 

P 

T2* 

T2* T2 

, , 


(27) V* -*.*± +«* +n* } 

(28) V±-►ji*+2ji° ) 

P 

P 

T2 

T2 

T2 

• 

• 

(30) V± ->■ + y 

A 

A 

. 

. 

. 

. A 

A 


A forbidden by angular momentum conservation, 

T? forbidden by parity conservation, 

T2 forbidden by Furry’s theorem; T2* also forbidden 
by parity conservation if V is soalar. 

reactions of Table 3 by Power [1949] (P mesons only), Fukuda 
et al. [1950b, c, d], Onbda et al. [1950] and Ozaki [1950]; since 
the calculations are divergent they require regularization and all 
authors find coherent values which can agree with experiment 
(10 -10 to 10 -11 sec.) for the lifetime of (27); the decay (30) into a 
meson and a photon is very rapid when it is allowed (see § 2. 5 and 
also Power [1949] and Ftjktjda and Miyamoto [1950d]), and this 
rules out the possibility V* pseudovector. But when V ± is pseudo- 
scalar, even the reaction 

(31) V* -»■»* + 2 y 

would be a little more rapid than (28): by a factor 2 according 
to Power [1949] (see also van Wyck [1950a]). As we have seen 
in § 2. 5, there are important difficulties for V° decay (and also 
for (29)) if these calculations using regularization are taken too 
seriously. There is another difficulty: the r-meson of the third 
kind of event appears to have a mass about 950, which gives for 
V° and V* smaller mass values than those commonly reported. 

Summing up, we can say that the hypothesis of a charged P 
(or even Aa) meson of mass about 1000 is not ruled out for explaining 
all experimental data, up to now, on heavy charged mesons. There 
are also arguments for the existence of nuclear mesons hoavier 
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than 7 r-mesons from the study of nuclear forces 10 ; however, 
relativistic calculations on neutron-proton scattering (Michel, 
1950, unpublished) at the second order of perturbation show that 
a mixture of scalar or vector ( Vv) V°-meson and of pseudovector 
(Aa), or pseudoscalar V ± -meson (according to the results of §§ 2. 5 
and 2. 6, but with more arbitrary masses) and of symmetrical 
pseudoscalar jr-meson cannot fit the experimental data on n — p 
scattering at 90 MeV (see also Marty and Prentki [1950a], 
Marty [1950b]), but it must be remembered that even relativistic 
calculations are not reliable at the second order for pseudoscalar 
meson theory. 

3. INTERACTION BETWEEN FOUR FERMIONS 

3.1 The neutrino 

The existence of the neutrino was postulated by Pauli to 
preserve the existence of the conservation laws (momentum, energy 
and angular momentum) in /?-decay. Up to now the neutrino has 
escaped detection, i.e, no neutrino induced effeots have been 
observed u . It is possible to make an energy-momentum balance 
for a few j8-activities (see Crane [1948] for a review of the search 
for the neutrino): the (not yet very precise) experimental relations 
between the missing momentum and energy can be satisfactorily 
explained by the emission of a zero rest mass particle, which is 
called neutrino. Angular momentum conservation requires for it 
spin |. 

When a Tr-meson decays into a /^-meson, some energy and 
momentum are also missing; this can be satisfactorily explained 
by the simultaneous emission of a zero rest mass particle. 

10 For instance, the range of nuclear forces at low energy corresponds 
to a heavier mass (about 330) than those of and 7 t° mesons, and this may 
point to a contribution of heavier mesons with attractive sign (Rosbnfeld 
at the Harwell Conference). From high energy data, Jastrow [1951] has 
proposed the existence of a short range repulsive core in the nuclear potential, 
which also could bo an effect of heavier mesons. Unhappily, these arguments 
are contradictory! 

11 Cross-sections forneutrino induced £-decay are of the order 10" 44 cm®. 
However, it is possible that such an effect will in time be detected with the 
always increasing sources of neutrinos constituted by the large piles 
(PoNTEOORvd, lecture at Manchester, 1949). 
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O’Ceallaigh [1950] has searched for effects induced by this 
particle along its path and has shown that it cannot be a photon. 

When a //-meson decays to one electron, the lacking energy and 
momentum cannot be explained by the simultaneous emission 
of one particle, since the secondary electrons of //-decay at rest 
have a continuous spectrum of energy between 0 and 55 Mev. 
(see Leighton et al. [1949], Lagarrigue and Peyrou [1951] and 
also for qualitative work Steinberger [1948,1949a] and Davies 
et al. [1949]). On the other hand, when the electron is emitted 
with maximum energy, the particle (or particles) capable of carry¬ 
ing away the missing energy and momentum must have negligible 
rest mass (or rest masses). Therefore //-meson decay can be 
coherently explained by the emission of an electron and two zero 
rest mass particles. The nature of these particles has been in¬ 
vestigated by several physicists, and the work of Hinges and 
Pontboorvo [1950] has shown that they are not photons (observed 
photons are shown to be created by Bremsstrahlung of the 
electrons). 

Since, in these three decays the emission of neutral particles 
with zero rest mass “characterized” by the absence of detectable 
effects is assumed, the simple hypothesis is that they are in each 
case the same particle, the already named neutrino. This assumption 
implies that the //-meson is a fermion like the electron, and that 
the Tt-meson is a boson, in agreement with the other experiments 
on rc-mesons (§ 2. 3) and on //-mesons (Christy and Kusaka [1941 ]). 

We have seen in § 1. 2 that there are two theoretical possibilities 
for spin £ neutral particles: they can be described either with two 
“charge conjugate” states or with only one (Majorana particle). 
The existence of a magnetic moment for the neutrino would 
eliminate the second possibility. The experiment of Nahmias 
[1935], according to Bethe’s [1935] calculations, gives for the 
neutrino magnetic moment an upper limit of 1/5600 Bohr magneton 
(see also Barrett [1950] who gives a smaller cross-section for 
neutrino interaction with atomic electrons, but for less energetic 
neutrinos). We have seen (§ 1. 4) that if the neutrino is a Majorana 
particle, double /S-decay is possible without the emission of neutrinos 
(Fig. 4). This was first pointed out by FuRry [1939], who also 
showed that the double /3-decay without the emission of neutrinos 
is about 10 10 times more rapid than the other possibility (Fig. 3). 
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Fireman's [1949] experiment was in favour of the rapid process 
(Fig. 4), but all other more recent experiments do not support it 
(Inghram and Reynolds [1949, 1950], Levine et al. [1950], 
Lawson [1951]). Except for ^-meson decay, in all the following 
there is theoretically no possible distinction between the two 
alternatives; reactions will be written without distinguishing the 
two possible states of the neutrino. 

3. 2 /i-meson decay 

It can easily be shown that: 

(32) /t* -> 8* + v + v 

cannot be implied by the existence of any known reaction. This 
will appear very clearly in § 4. The indirect coupling {p, v) —re— (s, v) 
would probably be the most rapid; calculations can be made from 
our knowledge of the lifetime of the re-meson for the two spontane¬ 
ous decays: 

(33) re* -> /i* + v 

(34) re* —> e* + v. 

Measurements of the lifetime r„„ of equation (33) have been made 
by Richardson [1948] 0.89 < r < 1.42; Martinelli and 

Panoesky [1950] 1.80 <r <2.13; Kraushaar et al. [1950] 
1.32 <r< 1.98; Chamberlain et al. [1950] 2.47 < r < 2.77 
(values given in units lO -8 sec.) la . The decay (34) has not yet 
been observed, and so a lower value of its mean life can be given, 
•fw >10 8 sec. (according to the results of Friedman and Rain¬ 
water [1951], see also Powell [I960]). Therefore the lifetime of 
the /«-meson for decay (32) through a virtual re-meson would be 
much too groat (to be measured in months!). We are thus led to 
the hypothesis of a direct coupling between the four fermions 
l l i c* v, v. Wo have soon in § 1. 5 that the most general (used) coupling 
is a linear combination of five terms g^. Calculations have been 
mado for some particular couplings by Tiomno et al. [1949a] and 
for the general coupling by Michel [1949] w . 

x * Authors neom to consider only statistical errors, and to neglect possible 
systematic errors. 

13 In both papers the effect of the acceleration of the electric charge, 
11 
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Michel’s results are as follows: if E is the energy of the electron, 
1 < E < W = (fi 2 + l)/2/t, the energy spectrum is given, (omitting 
negligible terms), by 

(35) P(E) = (1/24 jz*)/iE(E* - l)\WQ 1 - EQ Z ) 

where Q x and are two quadratic forms of the g. The mean life of 
the meson is r M = 2.15 ± 0.07 x 10 -c sec. (Conversi and Piooioni 
[1946]), and gives the condition: 

(36) S?P(E)dE = l/tp. 

If we suppose that only one g is ^ 0, this condition gives its value, 
of the order 10 -li (or 10 -19 erg. cm 3 ); this is also the magnitude 
of the Fermi constant, as was pointed out by Klein [1948]. We 
shall study this interesting faot in § 3. 3. For the comparison of 
equation (35) with experimental data, (36) gives the scale of each 
theoretically possible curve. It is easy to see that (36) imposes a 
linear condition between Q x and Q 2 , and therefore the whole family 
of theoretical curves depends only on a linear parameter q (a 
function of the g t ); all the curves pass through a single point (at 
E = 3W/4) and sweep a certain area when q takes all possible 
values. The agreement with experimental data is very satisfactory 
(see Michel [1950a] and Lagarbigtte and Peyeou [1951]), the 
experimental curves of Leighton et al. and Lagarrigue and 
Peyrou pass through the imposed point and are shaped like the 
theoretical curves. Of course, other hypotheses can fit the experi¬ 
mental data, (see Tiomno [1949c] where the /i-meson is assigned 
spin 0 and a new spin 0 neutral particle is introduced), but the 
hypothesis studied here is the simplest, for it does not involve any 
new particle, and it assumes the simplest possible coupling. 

Now we have to distinguish between two oases: (i) the two 
emitted neutrinos in /t-meson decay are distinguishable (one 
“neutrino” and one “antineutrino” are emitted, probably with 
opposite magnetic moment); (ii) the two emitted neutrinos are 


carried successively by the meson and by the electron, has been negleoted. 
This will probably lead to the emission of a photon with energy a few per 
cent of the electron energy, according to the preliminary results of Abbagham 
and Hobowitz [1951], and is negligible for the following disoussion (compare 
Fees [1949a] who makes calculations for a two particle decay of the /i- 
meson, or Hajtawa and Miyazima [1950] for n — p decay). 
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identical and must satisfy the Pauli exclusion principle. Prom 
the remark in the last paragraph of § 1. 6, we know that in case 
(ii) there are only three independent J t (when the order /x, e, v, v 
is chosen for the wave functions in the J it equation (4) shows that 
= ^3 = 0), an d in this case the area swept by all possible curves 
is smaller than, and included within, the area for case (i). If the 
experimental curves had been in the part of the area (i) out¬ 
side the area (ii), it would have proved that there are two (charge 
conjugate) states of the neutrino, but this is not the case, and the 
experimental curve certainly lies in the common area. 

Knowledge of the spectrum gives the value of the linear para¬ 
meter, q, i.e. a quadratic relation between the g. This is important 
only if other restricting hypotheses are made, as in § 3. 3. 

3. 3 The radioactivity of the neutron 

The fact that the same coupling constant could explain both 
^-radioactivity and //-meson decay is attractive. When meson 
theory was developed, and the (wrong) meson and its instability 
discovered in cosmic rays, ^-radioactivity was explained through 
a virtual meson (sec Fig. 1), and the (earlier) direct coupling went 
out of fashion. However in the present state of affairs there are 
difficulties in describing ^-radioactivity through intermediary 
virtual nuclear mesons (see § 4. 3), and on the other hand we have 
seen in § 3. 2 strong arguments for a direct coupling between 
[i, s, v, v, in order to explain //-meson decay. The similarity of the 
coupling strength with that of /3-radioactivity invites a closer 
comparison between these two phenomena. 

The study of /3-radioactivity is not quantitatively simple because 
n and p are not free particles but are bound in the initial and final 
nuclei, except in the case of neutron decay. The large production 
of neutrons in piles has now made a study of the radioaotivity of 
the neutron possible (Snell et al. [1950], Robson [1950, 1951]). 

We shall therefore directly compare the decay (32) with 

(37) n ->■ p + + e.~ +• v, 

explaining them by the same coupling From the remark in 
the last paragraph of § 1. 5, we know that the «/ t depend on the 
order in which the four wave functions are written in these ex¬ 
pressions; more precisely, if we do not pay attention to the per- 
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mutations of this order which change only the sign of tho J wo 
have only to specify how the four wave functions are paired with 
each other by the two operators F { . For ^-radioactivity it is natural 
to have the two nucleons (n, p) with one operator, and tho two 
leptons (e, v) together. Since reaction (32) has a common pair 
(e, v) with reaction (37), we are led to compare the pair (//., v) with 
the nucleons (n, p). Passing from the case n<*r, p •*>/* to tho 
case n / 4 , p v changes only the sign either of g 2 and g& <»' 

9i> 9i and 9b 14 

With this chosen order, a pure g 5 or a pure g 1 interaction for 
^-meson decay seems ruled out by experimental data. Tho next 
subsection will also be devoted to ^-radioactivity, we need at 1 ho 
moment only the two following preliminary results concerning tho 
nature of the interaction. 

A pure g 5 (the socalled “pseudoscalar”) interaction is ruled 
out 16 . Because of the low energy of the nuoleons, tho dependence 
of the lifetime in /5-radioactivity on the g is quite different for g lt 
and for the other coupling terms, and for a pure g s interaction tho 
lifetimo depends chiefly on the change of the kinetic energy of tho 
nucleon during the decay. This variation of kinetic energy i« quite 
irregular among the different nuclei, and it would lead to quite 
irregular values of “ Ft 99 (for a definition of Ft, see equation (SO)). 
Moreover, this variation is small in the case of the neutron as 
compared with other nuclei, and a value of g s based on the lifetime 
of some families of nuclei would give a neutron mean life of several 
days or months (about 10 4 too long). 

The neutron decay spectrum, as far as it is known, is of tho 
allowed shape; knowledge of the shape of spectrum for an allowed 
transition gives a quadratic relation between the g when one uses 
a linear combination of the five terms This was done first, hy 
Fiubz [1937], who found, besides the main term responsible for 


M Different authors use different conventions for the sign of the ./ 4 , 
since there are no theoretical reasons for the choice of this sign (and evm 
of the relative phases of the g i J i if one does not reject the use of imaginary 
coupling constants). Therefore comparison of results in different papers 
sometimes involves a change of sign of some g. Here, the signs of tho «/ 4 havo 
been implicitly defined hy the notation of § 1. 5. 

15 This was kindly pointed out to me by Dr Koeoed-Hanswn ; see 
also Marshak 1 [1949a] footnotes 8 and 11. 
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the shape of the allowed spectrum, the term ±(gtf z —Zg^j/E, 
where B is the energy of the electron and ± refers to ^-decay.’ 
This teim would seriously modify a part of the allowed spectrum, 
and would then be in contradiction with experimental data, if it 
were more than a few per cent of the main term. In the following 
it will be neglected. 

With these two remarks on the nature of the coupling, the con¬ 
dition coiTesponding to equation (36) is, for the case of the neutron: 

( 38 ) (fi + ul + Zgl + 3®J) = (2n)^Fr n 

where F is the integral of the energy distribution, (1 < E < W) : 

(39) F(W) = JFf (E* — 1)* (W — E )* dE. 

Wc see that for the neutron the product Ft depends only on the 
coupling constants. For complex nuclei it also depends on the 
nuclear matrix element, the product Ft is therefore the criterion 
for the classification of nuclei according to their ^5-decay. (Of 
course the charge Ze of the nuclei cannot be neglected for not too 
small Z, thon F is a more complicated fimetion of E and Z and is 
different for ft* and fjr decays.) In Table 1 we have given W = 2.53 
and the corresponding value of F is 1.63; (it must be noted that 
for tho neutron F is very sensitive to the value of W, the older 
value of which, (2.47), gives F = 1.39). 

For //.-meson decay we saw (§ 3. 2) that two cases must be con¬ 
sidered. We now make comparison with these. 

(i) dutmjimhabU neutrinos. The relation (36) is written 

(40) g‘i + 4ri + «fe* + 40» + fl J » 6 (27i)*l(&)Sr IA = (2^)3/2280 V 

(it happens to bo independent of the order of the particles in the 
J i)* Among all possible direct couplings there is one remarkable 
one: it is tho determinant made with the four indices of the four 
wave functions (it is therefore invariant under any permutation 
of the order of tho four particles); it was first proposed by 
CRiToirMKLD and Wightdr [1941], and in the notation of this 
paper it is defined by 

(41) gi » < 7 g = g 0i and g % = g z = 0. 
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With the value =' 2.15 x 10” 8 sec., equation (40) gives 
g 0 = 3.3 x 10 -12 (or 1.6 x 10”“ erg.cm 3 ), and for the mean life 
of the neutron (from equation (38)) 

(42) Tq = 18.8 min. 

This value is quite acceptable. For the study of the other possible 
couplings, we define A by 

(43) r„ = Ar 0 = 18.8 A min. 

According to the experiments of Snell et al. [1960], and of Robson 
[1950], the “half-life” r' of the neutron is between 10 and 25 
min utes; i.e. the mean life x n = r^/ln 2 is between 14 and 36 
minutes, the corresponding values of A being 0.75 < A < 1.92. The 
experimental determination of A will give (from equations (38) 
and (40)) the following quadratic relation between the g: 

(44) (2 - 3 X)g\ + (8 - U)g\ + 3(4 - 3A# + (8 - 9 X)g\ + 2^ = 0, 

(the terms discarded in this formula are less than 3 % of those 
kept). 

(ii) identical emitted neutrinos. The values of g 0 and r 0 are not 
changed, but equation (44) is replaced by: 

■ t |(1 - 4A$ + 3(2 - X)g\ + 9(1 — A)** + 3(2 - 3A)grJ + fe* 

(45) < 

( + 2 gr 4 ) + + ffsHffi + %02 + %3 %9a) ~ ® 

It is remarkable that mean lives differing by a factor 10 9 can bo 
explained by the same coupling. We have then to make assumptions 
about the nature of the (admitted) direct coupling terms g i J i 
responsible for the /3-decay of nucleons (this is the object of the 
next subsection), and then test, using equations (35), (36) and (44) 
or (45), the hypothesis of common coupling between ( fi , v)(s 9 v) 
and (n, p)(a, v). 

3. 4 Nature of the coupling of /3-radioactivity 
We suppose a direct coupling, and note (§ 3. 3) that: 

(46) g 5 cannot be much larger than the other g, 

and Fierz’s [1937] term must be small; here we shall assume: 

(47) gift = 0 Mi = 0- 
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For complex nuclei Fierz’s term is ±* (A g x g 2 — B g^), where 
A and B are functions of the nuclear matrix elements: since 
AjB varies with the nuclei, the smallness of Fierz’s term implies 
g t g 2 and separately small. 

Now we must proceed from the simplest hypothesis: can a single 
g give a satisfactory interaction? Historically, this question was 
first raised for the g 2 (“vector”) interaction, that proposed by 
Fermi [1934]. Using the isotopic variable formalism (see § 1. 8), 
let us write ip and ip* the initial and final states of the nucleon field, 
and q> and <p* the corresponding functions of the lepton field. 
Because of the low velocity of the nucleons, the density of the 
interaction Hamiltonian reduces to 

(48) h=g v r i ^ gi(ip*y>)(<p*<p)- 

For nuclei, ip* and ip differ from zero only inside the nucleus, 
neglecting the Coulomb field of the nucleus, <p and (p* are normalized 
plane waves describing the free leptons. Their wave lengths are 
much larger than the radius of the nucleus, and so inside the 
nucleus <p*<p is nearly constant and equal to 1. If the nucleus 
changes its spin and/or its parity during the transition, the initial 
and final states are orthogonal, and therefore 

(49) JA dv = g$ip*ip dv = 0. 

It is easily seen that the <J 1 J 1 term gives the same result. Therefore 
/8-decay of nuclei is allowed for g x or g z interaction only if 

(50) AI = 0, no 

(/, spin of nucleus, “no” moans no change of parity). Even with 
the same spin and parity, the initial and final states of the nucleus 
can have quite different structures (change in super multiplet, 
Wxoneb [1939]) then f J 2 dv is small compared with unity, these 
transitions are called “unfavoured allowed”. However, for nuclei 
having the same structure (“mirror” nuclei) this term can have 
nearly its maximum value. 

When equation (49) is satisfied, the main contribution for the 
transition comes from neglocted terms, (a) the term in g 2 J 2 pro¬ 
portional to the velocity, which gives a contribution of about 
1 % when the main term is ^ 0, and (b) the first term of the 
development of (<p*cp — 1), which gives about the same contri- 
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bution. Terms (a) and (b) give the main contribution to the “first 
forbidden” transitions, and (a) still gives an allowed shape for the 
spectrum. If these terms are also equal to zero, one must consider 
the second term of the exponential ( 99 * 9 ?—!) or the product of the 
first forbidden terms to get the main contribution to the “second 
forbidden” transitions, and so on ... (see Konopinski [1943] for 
a general survey of ^-radioactivity). 

As we said in § 3. 3, the value of Ft is the criterion for recognizing 
the degree in which a transition is forbidden. We have the value 
of F for the neutron, and therefore for the neutron 

(51) Ft' 0 - 1275, 

r 0 has been defined in equation (42), and since Fr f the relative 
half-life is more widely used than Ft the relative mean life, we 
recall here that 

(52) t' = At' = 13 A min. 

Many nuclei are known with Ft' of some 10 3 . Few spins of nuclei 
(chiefly of unstable nuclei) and still fewer parities have been 
determined experimentally, but other theoretical considerations 
can give this information (shell structure for nuclei has had great 
success). One of the best established theoretical rules is: 

(53) “nuclei with even numbers of both n and p have spin 0” 

and these nuclei have even parity. 

Several examples are known of “allowed” transitions between 
nuclei for which we would have expected AI — 1 . A historic 
transition is 

(54) He 6 Li 6 + e” + v; 

He 6 has spin 0 according to (53) while Li 6 has spin 1 (measured 
by Manley and Millman [1937]), but Ft' « 590, the smallest 
value known! (All values of Ft 1 given here, except that of the 
neutron, have been calculated by Trigg and are given by Horn yak 
et al. [1950]). This and other transitions led Gamow and Teller 
[1936] to propose, instead of a g% interaction, a g. s or (“tensor” 
or “pseudovector”) interaction, since the corresponding selection 
rules for allowed transitions would then be 

(55) AI = 0 or ± 1 (except 0 -o- 0 ), no. 
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There have, however, been some difficulties, according to theoretical 
expectations, for these G—T selection rules also. A well known 
example is 

(56) Be 10 B 10 + a- + y, 

expected to be very similar to reaction (54), since there is one 
a-particle more in each nucleus, but here Ft' = 7.9 x 10 13 . Spin 
measurements for B 10 give 3, and so AI = 3. On this basis, Marshak 
[1949a] made a theoretical study of the spectrum of this reaction, 
and predicted a unique possible shape for the spectrum; this has 
been well confirmed by experiments (it also necessitates G—T 
selection rules if the theoretical prediction of even parity for B 10 is 
reliable). Other cases of uniquely predicted spectra have also been 
well verified, notably for the family found since 1949, chiefly 
among fission products: Y 91 , Y 90 , Sr 89 , Sr 99 , Sr 91 ... (see Wtr 
[1950] for general survey); this family has /3-decay, according to 
shell structure predictions, AI = 2, yes; and this imposes G—T 
selection rules. Another difficult case is 

(67) C 14 -* N u + a- + v, 

of the same form as (54) and (56). C 14 , an even-even nucleus has 
spin 0 (see (53)) and even parity, the spin of N 14 has been measured 
and found = 1 while its parity is expected to be even; the transition 
is therefore expected to be allowed, but Ft' = 9.3 x 10 8 , too high 
oven for an unfavoured allowed transition. (Gkrjuoy [1951] has 
proposed measurements of the parity of N 14 since an odd parity 
would solve the difficulty; on the other hand, the ground state of 
N 14 is a mixture of •S 1 and 3 D X ; the difficulty would be solved if the 
contribution of the 3 S part is negligible, for instance, destroyed by 
interference). 

The ^-radioactive O 14 discovered by Sherr et al. [1949] is the 
mirror nucleus of C 14 . The structures of C 14 and O 14 are: an a- 
particlo + all P t/j states filled + a pair of P 1/t neutrons (for 0 14 ) or 
of l\/ t protons (for 0 14 ). The higher energy of O 14 is due to a larger 
Coulomb interaction. There is also an excited state of N 14 , denoted 
hero *N 14 , which also has the same configuration (a-particle + all 
P, /t states filled + one p v, neutron and one P x/i proton), see Pig. 6, 
and the Coulomb energy calculations fit very well with the data. 
Sheer et al. [1949] found that O 14 decays to the state *N 14 , they 
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observed the 2.3 Mev. y-ray and found for the Ft' of O 14 the value 
3000, which is normal for an allowed transition between mirror 
nuclei. The three nuclei C 14 , *N 14 , O 14 have spin 0 and the same 
parity (even), but 0 -o- 0 transitions are forbidden for G—T selection 
rules (55) and allowed, on the contrary, by the Fermi selection 
rules (50) (see Hobnyak et al. [I960]). The transition O 14 -> N 14 
(ground state) has not been observed, and this gives for the cor¬ 
responding Ft' the value 2.10®, difficult to explain with G—T 
selection rules; however, this is not a new difficulty since the 
expected Ft' of this reaction must be about 10 ®, i.e. the value of 
the Ft' for the identical reaction (57). 



Must we admit a mixture of F (Fermi) and G—T selection rules? 
According to equation (47), the only possible mixtures are: 
01 , 03 ; 0 a, 03 ; 02 , 04 ! 0 i, 0 4 , and if a third term is assumed it can 
only be g 6 . The necessity of such a mixture has been claimed by 
Longmtre et al. [1949] for the reaction 

(58) Cl 38 A 38 + e~ + v. 

The spin of Cl 36 has been measured and found = 2 ; no y-rays are 
observed, and therefore the transition is into the ground state of 
A 38 which is expected to have spin 0 , according to ( 53 ), and even 
parity. The authors say that no calculated spectra for Al — 2 , 
“no” (and even “yes”) will fit the experimental curve. They 
interpret this by a mixture of g lt g s ; g i: g t or even g 2 , g 3 but not 
0 i, 04 - From the published curves it does not seem to be altogether 
convincing that a pure g 2 or g 3 coupling is ruled out, but in any 
case the conclusions, that either g 2 or g 3 are necessary and that any 
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mixture of g v </ 4 , g 5 is ruled out, seem well established. More recent 
study, Langer and Moffat [1951], for the decay of Cs 137 , expected 
AI = 2, also rules out any combination of g v # 4 , g b . A pure g 3 inter¬ 
action could explain this spectrum, but the decay of O 14, has ruled 
out pure G—T selection rules. 

There is still another kind of experiment which can give in¬ 
formation on the nature of the coupling terms; it is the experiments 
on the recoil of the nucleus which give information on the angular 
correlation between the emitted electron and neutrino (Blooh 
and M 0 LLER [1935]). Theoretical calculations have been made by 
Hamilton [1947] for allowed and first forbidden transitions on 
the hypothesis of only one coupling term. The following is the 
correlation function for neutron decay and for the most general 
coupling satisfying conditions (46) and (47): 

0(0) = 1 + av cos 6 , 

with a - (-gl + g\ + g\ - gl)l(gl + g\ + 3 g\ + Zg% 

(0 is the angle between the two leptons, v is the electron velocity 
in c units). For complex nuclei the corresponding formula is 
given by equation (50) in De Groot and Tolhobk [I960]. 
(See also Tolhoek’s thesis for proposed experiments on the polar¬ 
ization of /9-rays to give more information on the nature of the 
interaction). A review of experimental data has been given by Crane 
[1948]; experiments are still difficult and the results sometimes 
contradictory (for example, difficulties arise when the source is 
on solid material). Recent experiments with a gaseous source, He®, 
performed by Allen et al. [1949] give an a which can be from 0 
to —1/3 or —1/2; a result which seems to be against a mixture 
of g 2 and g 3 . Very recently, systematic calculations of forbidden 
decays with the general direct coupling (linear combination) have 
been announced by Trigg [1951]. 

Summing up, we see how recent and still inconclusive the experi¬ 
mental data are which allow us to make hypotheses on the nature 
of the terms of the (direct) coupling responsible for /9-radioactivity. 
To-day, the best hypothesis scorns to be a mixture of g v g 3 or g t , g t 
or even perhaps g 2 , g 3 \ but there are still difficulties not overcome 
by the theory. However, the situation is very promising:. better 
recoil experiments and more precise determinations of the neutron 
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half-life can be expected, more measurements of spin (and even 
of parity) together with improvements of the shell model will 
permit fruitful analysis of forbidden spectra; transitions with 
AI equal to the degree of forbiddeness, will give information on the 
mixture of coupling terms. We can already say that the good 
experimental agreement with uniquely predicted spectrum shapes 
for allowed and for some forbidden transitions, and also K-capture 
lifetimes (not reviewed here) are strong verification of the hypo¬ 
thesis of coupling terms of the form g i J i (with the g x constants 
and not a function of the energy, as happens for some coupling 
terms with an intermediate virtual meson as in Fig. 1 scheme). 
Further, the introduction in the J ’s of derivatives of the wave 
functions (as proposed by Konopestski and TJhlbnbecjk [1935] for 
explaining inaccurate experimental data) are completely ruled out. 

3. 5 The capture of {/-mesons by nuclei 

We noted in the introduction that //-meson capture was observed 
in Pb and Fe, but not in light nuclei. Since this behaviour was 
unexpected (for nuclear mesons!), many experiments were carried 
out with various materials from Be to S, by Sigurgeirsson and 
Yamakawa [1947, 1949], Valley [1947], Tioho [1947a, 1948b, c], 
Nereson [1948], Kissinger and Cooper [1948], Tioho and Sohein 
[1947b, 1948a], Valley and Rossi [1948]. It was discovered by 
the last four authors that while the lifetime of the //+-meson was 
constant, the lifetime of the //“-meson decreases with increasing Z 
(charge of nucleus); the quantitative results verified the theoretical 
predictions of Wheeler [1947] who showed that the //“-meson 
first falls into a Bohr orbit of the nucleus and then must be captured 
without electron emission (see also Wheeler [1949]) with a life¬ 
time of capture r 0 giving the //-meson an apparent moan 

life: 



Since (for decay into electron) is independent of Z, r 6 can bo 
given by: 

(6!) T, = T JLZJZ ? 

where, from experiments, Z 0 has been found to be about 11. 



INTERACTION BETWEEN FOUB FERMIONS 


173 


That the //-meson falls into a Bohr orbit of the nucleus was 
directly shown by the observation of the photons it emits du ring 
its jumps to lower quantum number orbits, Chang [1949]; (Hinoks 
[1951] gives, for the total energy of the y-rays emitted for each 
meson, about 15 MeV). How is the meson captured from the 
lowest orbit ? No nuclear explosions are observed 18 , and this rules 
out the hypothesis of transfer of all the meson rest energy to the 
nucleus. We must therefore assume that a light neutral particle is 
emitted, carrying away most of the available energy (about 90 
MeV). No high energy photons have been observed (Piccioni, 
[1948]) and it is natural to identify this neutral particle with the 
neutrino (Ponteooevo, [1947]) as we havo already done in three 
processes (§ 3. 1) where energy (and momentum and also angular 
momentum) is missing; this hypothesis avoids the introduction 
of a new particle and it is coherent, since it gives spin 1/2 for the 
jM-meson. 

We have therefore to assume tho reaction 

(62) fi~ + p+ -> n + v. 

Even with the emission of tho 0 rest-mass neutrino, the neutron 
receives a non-ncgligiblo energy (about 10 to 20 MoV). Such an 
excitation of the nuclous has been studiod by Tiom.no and Whbmlee 
[1949b] and Rosenbluth [1.949], who showed that the most 
probable event is the loss of ono neutron or sometimes two. 
Gboetzingbb and MoOlube [1948], Sard et al. [1948, 1949], have 
detected those neutrons by coincidence methods. More recent 
experiments give quantitative results for tho number of emitted 
neutrons by captured mesons: 1.90 ± 0.24 (Crouch, [1951], 
1.40 ± 0.30 (Conforto and Sard, [1951]). 

What is the nature of the coupling responsible for reaction (62)? 
This reaction can be explained from tho two classes of reactions 

(63) p + + sr" -*■ n and n~ -* pr + v. 

by tho graph of Fig. 7 (virtual 7r-meson). The value of the coupling 
constants / and / are determined from nuclear forces and from the 

18 ,u-mesons can produce nuclear disintegrations (Evans and George 
[1949], see also Cooooni and Cooconi-Tongiorqi [1951]) but this is another 
phenomenon due to the (probably electromagnetic) interaction of the nuclei 
with fast, instead of bound, ^u-mesons. 
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lifetime of the jr-meson; Lodge [1948], Ptjppi [1948, 1949], Lee 
et al . [1949], Taketani et al . [1949] have shown that these values 

V 

of f and / give quantitative agreement with the experimental data 
for the reaction (62). On the other hand, reaction (62) can be 
attributed to a direct coupling between n, p, ju,, v 9 and as has been 
pointed out by these authors, and by Tiomno and Wheeler 
[1949b], the necessary coupling strength is about the same as for 
jS-radioactivity (by a direct coupling) and for /j-meson decay: 
1(T 12 (i.e. 1(T 49 ergs.cm. 3 ). 



3. 6 Universal direct coupling between four fermions? 

Is it only fortuitous that a direct coupling with the same strength 
(within experimental results) can explain ^-radioactivity, /j-meson 
decay and p -meson capture by nuclei? It is natural to make the 
hypothesis that the same coupling is responsible for the three 
kinds of phenomena and this has been proposed independently by 
Puppi [1948, 1949], Lee et al . [1949], Tiomno and Wheeler 
[1949b]. Of course, the final decision lies with experiment, and we 
shall discuss some consequences of this hypothesis in § 4. 1; how¬ 
ever, since such a decision is pending we can look for the “meaning” 
of this hypothesis of the same coupling between different kinds of 
particles. 

As we emphasized in § 3. 2, when defining the coupling terms 
between four fermions we have at least to pair them. The natural 
pairing established in § 3. 2, i.e. (p, n), (s, v) and (^, v) is now 
confirmed by the interaction (p, n)(/i } v). The situation is illustrated 
by Pig. 8: between each two of the three pairs of fermions exists 
the same direct coupling g (g represents the set of the constants g { 
of this coupling). This introduces the concept of a correspondence 
between the different known fermions. Such a correspondence 
between (ja, v) and (e, v) suggests that /i and e are two states of the 
same particle, but the comparison with nucleons is less inspiring I 
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Another point of view is to admit this interaction as general 
between any set of four fermions. Since we cannot any longer fix 
the order of the four wave functions in the coupling terms, we 
have to choose the only interaction invariant by any permutation 
of this order, the Critohfibld and Wignhr [1941] interaction 
g 0 defined in (41). Moreover, it is of course necessary to give some 



selection rules forbidding non-observed couplings. Such a proposal 
has been made by Yang and Tiomno [1950c] by introducing for 
the different fermion wave functions different transformation laws 
under space reflexions R (see § 1. 3), ip is transformed into ip' with 

(64) ip' = rjpip. 

In the commonly used formalism, rj = i (or — i) and it is the same 
for all fermions. Here the possible values of: L, —L; i, — i(L = ± 1, 
according to the charge conjugate state of the particle, has been 
defined in § 1. 2) are distributed among the different kinds of 
fermions and then the authors can lay down a fundamental prin¬ 
ciple : “Between any four fermions, not all of the same kind, there 
exists a direct coupling g 0 , if the product of their four r\ is 1 and 
the K (= LM defined in § 1. 2) of fermions of the same kind are 
equal”. (Of oourse, electric charge must be conserved, i.e. from 
equation (1) the sum of the K’s of charged particles must be = 0.) 
But as we pointed out in § 1.6, the law (64) instead of the usual 
one is equivalent to the introduction of pseudosoalar coupling 
constants, and since it is not possible for the Yang and Tiomno 
formulation to have the equivalent of the use of both kinds (scalar 
and pseudoscalar) of coupling constants for the same coupling, we 
already know that their formulation does not differ physically 
(provided the neutrino mass = 0) from the ordinary formalism. 
The authors have expressed their choice of couplings in a very 



176 


COUPLING PROPERTIES OP PARTICLES 


elegant way (one sentence only) but for that they have sacrificed 
the natural elegance of the commonly used for ma lism (for them 
for nucleons can be a scalar, but then ipfiip is a pseudoscalar, 
and the formulation of parity conservation becomes more inelegant); 
and, this being the main point, their interesting proposal does not 
give a deeper insight into the present theory. From their choice 
of coupling the authors implicitly assume that the two neutrinos 
emitted in //-meson decay are identical, and that the direct coupling 
responsible for the class of reaction: 

(65) /t + + b~ -> //“ + e + 

exists; but neither assumption can be tested by actual experiments 
(the cross-section of (65) is 10 -40 cm. 2 per electron for the observed 
//-mesons). 

The basic physical test for the existence of a universal interaction 
between different groups of four fermions is the validity of g 0 
(Critchfield-Wigner) interaction. We have indicated (§ 3. 2) the 
resulting neutron mean life, and have also noted experimental 
evidence against it in § 3. 4. Further, the experimental energy 
spectrum of electrons from //-meson decay (see Michel, [1950a], 
p. 1371, for the comparison of the results of Leighton et al. [1949] 
with the theoretical curve, and the excellent discussion by 
Lagabrigue and Peyrou [1951] of their own data and those of 
Leighton et al.) is not in favour of the g 0 interaction. 

4. Possible coupling schemes 

4.1 Coupling scheme (1) 

The fact that a single direct coupling between any two of the 
following pair of fermions (p, n), (//, v), (e, v) is consistent with all 
data considered so far is very attractive and its consequences must 
be studied. Besides this coupling we have the 7 i-meson-nucleon 
coupling and the not yet studied consequences of the total scheme, 
the indirect couplings n-(/u, v) and w-(e, v), (see Fig. 9). In this 
scheme, there is a complete symmetry of coupling when // and e 
are exchanged and it seems that n -> e + v will in any oase be more 
rapid than tt ->-// + v. However, calculations have been carried 
out by Steinbbrghr [1949b] (some selection rules are wrong), 
Ruderman and Finkhlstbin [1949], Sasaki et al. [1949] (F and 
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P Tt-mesons only) and by Nakamxtea et al. [I960]. Furry’s Theorem 
(T4 in § 1. 9) applies and forbids many possibilities and the equi- 



Fig. 9. Coupling scheme (1) 
-indirect coupling. 


valence (E) theorem (§ 1.10) also applies; seven other cases (marked 
X in Table 4) have matrix elements = 0 (at least for the lowest 
order). For non-forbidden cases, the results are divergent (logarith- 
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mically with the new methods). However, if we consider only one 
coupling (either f or /', see § 1. 5) for spin 1 mesons and only one 
term g t of the two direct coupling terms giving allowed decay (this 
is not necessary for A 7r-mesons); the ratio r„Jx m is of the form 

(66) rjr ,-ffi/fl, 

where both 8 represent the same divergent integral. Mathematically 
(66) is not defined, and, on account of the imperfect state of the 
theory, theoretical physicists have to apply a procedure to 8. 
(regularization, cut-off) in order to get a finite result. Then 
= f and this is independent of the procedure. Table 4 gives 
the value of f; for a pseudoscalar 7r-meson and g t coupling f is very 
small (1CT*). The symmetry of the scheme for p, e is therefore no 
longer a difficulty for a P 7r ± -meson and for any combination of 
terms containing g i (but not g s ) for the direct coupling. But this 
result is not really quantitative since the calculations give rise to 
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divergences; regularization gives a much too long lifetime (10 -2 
sec.) for x„p, and although H is only logarithmically divergent, its 
value is very sensitive to the choice of a cut-off value. A “normal” 
cut-off value gives the right order of lifetime of about 10 -8 sec. 17 . 

We can also see if this coupling scheme is coherent with our 
conclusions on V* -mesons (if these heavy mesons are nuclear 
mesons; no question arises here about V°-mesons). V* can decay 
by the same indirect coupling as n ± , into p* 4- v or e* + v. We 
were left in § .2. 5 with only two possibilities for V: 

(a) V T is pseudosoalar (Pp or Pa); t,Jr„ ■— • 10 —4 ; and (see 
Nakamura et al. [I960]), 

( 67 ) W^=(/W(«>r) 3 ; 

inserting the estimated values of §§ 2. 4 and 2. 5, T v Jr nft — (100/3) 
• (1/4) 8 ea r Vll is of the order 10~ 8 sec., and the reaction V* —>- ^ +v 
cannot be observed instead of reaction (29) which is more rapid. 

(b) V* is pseudovector (Aa coupling) ; r Vlt and r r , are of the same 
order of magnitude, but in this case the lifetimes are much longer 
than for S V-mesons, according to Nakamura et al., and from the 
formula of these authors it is easy to see that there are no diffi¬ 
culties (r rtl ~ 1(T 8 sec.). 

Summing up, the coupling scheme of Fig. 9 is quite satisfactory 
for the present state of the theory and in agreement with actual 
experimental data. The only trouble is that the value of r„ M> 
although reasonable, is ambiguous since it is given by divergent 
calculations, but this cannot be an argument against the e xis tence 
of the scheme. Equally, while this scheme is very elegant, since it 
introduces only two different couplings, this elegance is not an 
argument for its existence. However, it is natural to adopt and 
test first the simplest hypothesis, i.e. this scheme (1) for ooupling 
properties of particles. It requires a pseudoscalar ji* -meson, and 
this is in agreement with the discussion in § 1. 3. It requires also 
the gr 4 term for the direct ooupling, and g s = 0. Then we are led 
to a direot coupling with two terms in g 2 and g t according to the 

17 Ruderman and Finkelstein have to take a very large cut-off value 
because they choose / a (Pp coupling of jr-meson) about ten times too small 
(see value in § 2.1). Nakamura et al. say that Pv coupling is better because 
they choose f = /' instead of applying the equivalence theorem, valid here, 
or taking the values of f and f given in § 2.1. 
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discussion in § 3. 4. These qualitative consequences will probably 
soon be tested by experiments. 

4. 2 Coupling scheme (2), an alternative to scheme (1) 

We noted in § 3. 6 the agreement between the calculated and 
observed /i-meson capture when it is described by an indireot 

coupling (Fig. 10), /, /, the value of / being determined from re- 
decay bo p + v. We can therefore replace scheme (1) by scheme (2) 
and then we are no longer obliged to compare and r„ directly 
and to restrict re to be a P-meson. However, since the calculation 
of T m in this scheme leads to divergent results, we cannot draw 



Fig. 10. Coupling scheme (2) 
-indirect coupling. 


final conclusions, and from a reasonable cut-off it seems doubtful 
if charged re-mesons could have any other coupling than Aa or P, 
their decay into electrons being otherwise too rapid. From other 
experimental results wo have seen that there is very strong pre¬ 
sumption that re-mesons are indeed P mesons. Then the cou pling 
scheme (2) introduces one more different coupling (i.e. at least one 
more coupling constant) without giving (with the present state of 
the theory) the possibility of a bettor fit of experimental data. At 
present, there seems to be no reason to reject scheme (1) in favour 
of scheme (2). 

4. 3 Is direct coupling necessary for ^-radioactivity? 

/9-radioactivity through an intermediate virtual nuclear meson 
was studied by Yukawa et al. [1938b], Sakata [1941b] and 
Rozbntal [1941a, 1945]. As we saw in § 3. 4, the actual experimental 
accuracy (by drawing the linear plots of spectra) rejects all terms 
which are not of the form k v J i where k i are constants. When there 
is only one meson coupling term, there are no interference terms 
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and the indirect coupling is of the required form, giving for the 
constant k t , 

(68) & = //a/* a , 

a being a factor (£ |/2) < a < 2, dependent on the nature of 
the meson. The equivalent direct coupling for Ss mesons is g x , for 
Vv mesons g e , for Vi or At mesons g 3 , for Aa or Pa mesons g it 
and for mesons g 5 . 

The lifetime x m is given (except for Pa and Sv mesons) by 

(69) 1/t* = a'/V An 

with a! = 1 for 8s or Pp mesons, = 2/3 for Vv or Aa mesons, = 1/3 
for Vt or At mesons. For Pa or Sv mesons, 

(70) 1/t„ = nfPl4eot 

(for calculations of r m see Yukawa et al. [1938a], Bethe and 
Nordhehm [1940], Chang [1942], and for all cases Sakata [1941a]). 
We know the value of k and the magnitude of /, it is therefore 

v 

possible, by eliminating / between (68) and (69) or (70), to find 
the value of r M . For Pa (or Sv) mesons, 

(71) r„ e = 4A-10 -8 sec. 

(A has been defined in (43)), and for the other oases 

(72) r „ = $al- 10 -10 sec., 

* 

i.e. it is « a /a times smaller. (This result is essentially the object of 
Rozental’s [1941b] paper where it was shown that the lifetime 
of the cosmic ray meson was only compatible with Pa mesons!). 
Therefore only Pa charged jr-mesons can be acceptable for coupling 
scheme (3) (see Fig. 11). 



Tig. 11. Coupling scheme (3) Fig. 12. Coupling scheme (4) 

-indirect coupling. -indirect coupling. 
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Moreover, in this case (Mabty and Prentki [1948], Lopes 

v 

[1948]) if rc-mesons have the same coupling /' with (//, v) and 
(e, v), we have t«, 18 and therefore, as in § 4. 2, a possible 

alternative to scheme (3) is scheme (4) (Fig. 12). 

If 7t is pseudoscalar (as is likely, see § 2. 3), in schemes (3) and (4) 
the indirect coupling for /3-radioactivity is equivalent to a direct 
coupling (n, p)(e, v)\ this gives the G—T selection rules. However, 
we have seen (§ 3. 4) that the Fermi rules seem also necessary at 
least for the O u decay, and also probably for some forbidden shape 
spectra which can be explained only by a mixture of Fermi and 
G—T interactions, g v g. 3 or g 2 , or even g 2 , g z . Therefore a direct 
coupling g 2 must be added or, if one wants to avoid this direct 
coupling, one has to postulate the existence of another charged 
nuclear meson giving an indirect coupling equivalent to g 2 . It 
must therefore be a vector meson, and according to § 2. 6 it cannot 
be the V*-meson. The lifetime of this postulated meson X (rest 
mass x) for the process X a* + v would be 

(73) t = 1.6 x 1 (T 10 / 2 /* 6 sec., 

where / is its nuclear coupling. Of course if / is small enough and/or x 
is large enough, this meson would not be observable! 

4.4 Summary 

It is to be expected that we shall soon have more knowledge of 
the nature of the V and V' mesons, and also on the terms of the 
/8-radioactivity direct (or equivalent indirect) coupling. The 
coupling scheme (1) will bo ruled out if this interaction is not g % , g 4 
(other mixtures compatible with the scheme are forbidden in the 
discussion § 3. 4), or if rc-mesons are not pseudosealar (but this is 
most unlikely). 

When the nature of the terms of the interaction for /8-radio- 
activity (direct) coupling are known more precisely, it will be poss¬ 
ible, by the study (still in progress) of the //-meson decay spectrum, 
to determine whether this spectrum can be satisfactorily accounted 

18 For the equivalence of the direct coupling (n, p) (p, v) and the indirect 
coupling :7r-(n, p) and n;-(^, v) we did not distinguish between Pa mesons 
and the other possibilities because the ratio of r nti is then no longer but 
only %*lfA*a & 1.7/a. 
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for by the same coupling terms. It now seems more difficult to 
visualize ^-meson capture experiments decisive for the choice of* 
coupling schemes. 

5. Conclusion 

At present, the study of the coupling properties of particles is 
only descriptive. Physicists observe and classify couplings in much 
the same way as botanists do species! No essentially new ideas 
(outside electrodynamics) have been successfully put forward since 
Fermi's /5-radioactivity and Yukawa’s mesons, now over fifteen 
years old. Predictions from these ideas have been very helpful, but 
not completely so, as was expected. 

Meson theories have had great success, but this is outside the 
field of nuclear interaction. Nuclear physics has developed quit e 
independently of meson theories (for instance, the droplet model, 
shell structure, and the phenomenological potential for nueloon- 
nucleon interaction), and even for the simple nucleon-nucleon 
interaction meson theories fail at high energy. However tho dis¬ 
covery of the ji°-meson, so badly needed for meson theories of 
nuclear forces, was a notable success, and its decay into two photons 
gives more confidence to the application of hole theory for nucleons. 
The jt* and sr°-mesons are probably pseudoscalar, and experiments 
now in progress with artificially created mesons (mainly con¬ 
cerning interactions with hydrogen and deuterium) may be expected 
soon to give a still better answer to the question, and allow one to 
decide in favour of Pa and/or Pp coupling for this symmetrical 
pseudoscalar set of mesons. 

Today, direct coupling seems necessary for /9-radioactivity, and 
experimental agreement is satisfactory (the main difficulty is 
C u ). The study of spectra with forbidden shape (conjugated with 
spin measurements), of electron neutrino angular correlation, of 
neutron decay, etc. should fairly soon allow one to specify which 
terms g i J i form the direct coupling. It is for p -meson decay how¬ 
ever, in the present state of affairs, that direct coupling is absolutcl y 
necessary and gives perfect agreement with experiment. 

As long as coupling scheme (1) is not ruled out, it is remarkable 
that one may be able to explain all interactions between particles 
by adding only one coupling to the already known nuclear, electro¬ 
magnetic and gravitational interactions. 
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Especially for the problem of coupling properties of particles, 
many answers are pending because in these cases the theory cannot 
give reliable quantitative results. Too often in the literature the 
existence of these particular cases is claimed to be excluded because 
of such difficulties 19 ; it seems necessary to recall (as did Rosenfbld 
[I960]) Fresnel’s sentence: “La Nature se joue de nos difficulty 
analytiques”. 

The opposite attitude is no better. The elegance of a theory is no 
guarantee of its applicability to natural phenomena. Since elegance 
cannot be decisive in accepting or rejecting a theory, it cannot be 
significant as a criterion for the choice of alternatives within the 
arbitrariness of a theory (as the choice of coupling 20 here). Experi¬ 
ments give the final answer. Of course one has to make and test 
first the simplest hypotheses (with the least possible arbitrariness). 
But only a completed theory can be put in an elegant form; theories 
in evolution are necessarily unsatisfactory, and this is true for 
the present theory of elementary particles which, (besides the 
lack of a successful intermediate coupling method) probably 
breaks down at very short distances or at very high energies. The 
realistic point of view of regularization could have been a solution, 
since it emphasizes the necessity of treating all fields together, but 
it failed (see, for instance, Pais and Uhlenbeok [ 1950]). 

However, the future is very promising; new heavy particles 
(V and/or V') have been discovered in cosmic rays and may soon 
be produced artificially. These probably have some bearing on the 
unsolved problems of nuclear forces. Finally, the techniques of 
observation of very high energy nuclear events have been greatly 
developed, and will offer important data for testing improvements 
or fundamental modifications of the theory of the interactions 
between particles. Cosmic rays will for many years be our only 
source of such events. 


19 This has even been invoked against the existence of direct coupling 
because of the r~ 5 second order static interaction potential between any 
two of the involved fermions! 

20 As, for instance, the symmetry principle of de Groot and Tolhoek 
[I960]; this principle restricts the direct coupling of ^-radioactivity to a 
mixture of either g 2 , g z or g l9 g 6 . 
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INTRODUCTION 


In recent years it has become feasible to study directly the hi gh 
energy particles which enter our atmosphere from outer space. 
Progress in this field is largely due to the development of stratos¬ 
phere balloons which permit extended observations in the top 
layers of the atmosphere. As a result of measurements carried out 
at altitudes above 25 km, with counter telescopes, cloud chambers, 
ionization chambers and especially photographic emulsions, it has 
been established that primary cosmic rays consist of nuclei of 
many of the chemical elements known on earth. The relative 
abundance of nuclear species appears to be closely related to the 
abundances of elements in the visible universe as deduced from 
the spectra of stars and planetary nebulae and from the composition 
of meteoric material. 

A few years ago there was little direct information on the primary 
partioles responsible for the complicated nuclear and electro¬ 
magnetic effects occurring in the atmosphere. Originally one 
attributed these effects to very penetrating electromagnetic 
radiation entering from outer space. In 1927—1929 J. Clay demon¬ 
strated that the intensity of cosmic rays on the earth’s surface 
decreased with decreasing geomagnetic latitude; he thereby 
proved that, since it was affected by the earth’s magnetic field, 
the incoming radiation must consist of particles carrying an 
electric charge. After the motion of charged partioles in the magnetic 
dipole field of the earth had been studied, mainly by Stormer, 
Lemaitre and Vallarta, one oould, on the basis of the observed 
asymmetry between particles entering from the East and West, 
conclude further that most if not all primary particles must carry 
positive charge. Without introducing unknown particles a decision 
had to be made between protons and positrons. By means of 
counter telescopes, SoHEitt et al. [1941] showed that most of the 
particles near the top of the atmosphere which can penetrate 
several centimetres of lead will not multiply in traversing the lead 
absorber; they do not initiate the cascade showers typical of high 
energy electronic radiation. 
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Since that time it has been generally accepted that the primary 
cosmic radiation consists of protons. Later work has shown that in 
first approximation this conclusion was correct. With the help 
of balloon-borne ionization chambers (Hulsizer [1949]) and 
cloud chambers (Cbitchfield et al. [1950]), the possible contri¬ 
bution of electrons to the primary radiation was successively 
reduced to less than \ % at geomagnetic latitude 55° N. corres¬ 
ponding to a flux of less than 4 electrons sec -1 m -2 sterad -1 . 

The possibility that the primary cosmic ray beam may contain 
nuclei of heavier elements was. pointed out by several authors 
(Alfv^n [1939]; Swann [1943]). An increase in the efficiency of 
low pressure counters with altitude was observed by Pomerantz 
in 1947 and, although these results remained unpublished until 
1949, they may be considered to represent the first experimental 
indication for the presence of fairly energetic particles of charge 
Z > 1 at high altitudes. 

In a stratosphere balloon flight, Freier et al. [ 1948a] observed 
the tracks of very heavy nuclei of large penetrating power in 
nuclear emulsions exposed above 90,000 feet. They showed that 
some of these nuclei could not have been produced by protons in 
the atmosphere since charge estimates based on the diameter of 
the column of developed silver along the track indicated that they 
were much heavier than: air nuclei. They also showed that the 
number of such nuclei decreased with increasing absorber thickness 
much faster than the primary proton component and therefore 
could not be produced by incident protons. From these facts it 
was concluded that heavy nuclei were part of the primary cosmic 
ray beam, and an approximate value of the flux was given. While 
the m ain conclusions were confirmed by later experiments the 
initial estimates of the charge of heavy nuclei were much too 
high. The nuclei observed in the original experiment belonged to 
elements of atomic numbers between magnesium and iron. Later, 
investigations showed that lighter nuclei, especially helium were 
present in significant numbers. 

Although the total number of nuolei heavier than protons 
constitute only about 15 % of the cosmic ray beam, their influence 
on the interpretation of cosmic ray phenomena in the atmosphere 
is nevertheless considerable, since they 

(i) represent 30—35 % of the incoming nucleons 
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(ii) carry perhaps 30 % of the incident cosmic ray energy, and 

(iii) provide about 50 % of the ionization in the upper layers of 
the atmosphere. 

Also it is possible that the very high energy events in cosmic 
radiation, the extensive Auger showers carrying energies up to 
10 17 eV or even higher, are connected with heavy nuclei rather 
than protons. 

Apart from its effect on the interpretation of cosmic ray pheno¬ 
mena in the atmosphere, the detailed study of the chemical com¬ 
position and the energy spectrum of the heavy primary component 
provides data relevant to the unsolved question of the origin of 
cosmic radiation and information on the relative abundance of 
elements which can be compared with cosmic abundance data 
obtained from meteorites and from spectroscopic analysis of star¬ 
light. Some of these questions will be discussed in §§ 4 and 5. Here 
one should only point out that the mere existence in the primary 
beam of heavy nuclei with many BeV of energy makes it very 
unlikely that the acceleration of cosmic ray particles occurs in a 
violent nuclear catastrophe as has sometimes been suggested. The 
relatively loose structure of a large nucleus could not be expected 
to stay together in such a rapid accelerating process. 

Heavy nuclei in the stratosphere have now been observed not 
only with photographic emulsions but also with cloud chambers 
(Freier et al. [1948b]), low pressure Geiger counters (Pomerantz 
et al. [1949]), proportional counters (Singer et al. [1950]) and 
scintillation counters (Nbv et al. [1951]). However, most of the 
quantitative results so far have been obtained with nuclear emulsion 
techniques. A description of these techniques as far as they apply 
to the study of heavy particles will therefore be given in the next 
section. 

1. The study of heavy primary particles in nuclear 

emulsions 

1.1 Tracks produced by heavy nuclei 

Fig. 1 shows the track of a non-relativistic iron nucleus which 
comes to rest in tho emulsion. 

Fig. 2 shows tho last part of a track due to a nucleus of oxygen. 

In both pictures one sees the increase in the density of secondary 
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the velocity alone. Since, as will be shown in § 1.2, the residual 
range of a nucleus of a mass M and a given velocity is proportional 
to ifcf/Z 2 (if one neglects the region in which the effective nuclear 
charge is reduced by electron capture) the charge can be obtained 
from the distance between the 5-ray maximum and the end of the 
track. A correction, however, is necessary if the residual range is 
not large compared to the “thin-down” length L in which the 
nucleus captures electrons. The cut-off point beyond which all 
(5-rays are shorter than a given value is again a function of velocity 
only. If this point is determined the residual range will again 
permit an estimate of the charge. 

Finally the “thin-down” length L as a function of charge can be 
estimated from a simple model assuming that electron capture 
in a particular shell occurs when the velocity of the nucleus equals 
the orbital velocity of the electrons. Perkins gives the approximate 
relation L = 0.7 JZ 2 where L is measured in microns. 

In practice all these methods are useful only for estimating the 
charge within a factor 2, since neither can the “thin-down” length 
be accurately determined nor is the number of 5-rays in short 
sections of the track sufficient to locate accurately the density 
maximum or the position of cut-off. 

1. 2 Charge determination of heavy primary nuclei 

The identification of the charge of primary cosmic ray 
nuclei is based on measurements of their specific ionization. In 
photographic emulsions this involves a careful measurement over 
an appreciable track length of either the density of developed 
silver grains along the trajectory or the 5-ray density, i.e. the 
number of electrons ejected in the ionization process with sufficient 
energy to produce appreciable secondary ionization. 

The pulse height distribution in scintillation counters and the 
response of low pressure counters or proportional counters inserted 
into a counter telescope have also been used to determine specific 
ionization loss of heavy nuclei. Apart from difficulties of distinguish¬ 
ing pulses due to heavy particles from pulses due to nuclear 
explosions in the counter or the counter walls, the accuracy of 
values obtained for the specific ionization is still inferior to the 
accuracy obtainable in photographic emulsions. For this reason 
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most of our information on the charge spectrum of primary nuclei 
is at present based on emulsion work. 

The theoretical calculations of the specific energy loss of charged 
particles traversing matter carried out by Bohr, Bethe, Bloch 
and others (see Heitler [1944, p. 218]) lead to a relation between 
range and energy which is in good agreement with experimental 
results. To a close approximation the formula may be written as: 

I z =Z t <p (v) where Z is the charge of the particle and <p (v) is a 
function of its velocity only. The residual range R it _ z of a particle 
of mass M and charge Z is then given by: 

( 1 ) *<•> 

o 

and therefore 

( 2 , 

The known specific ionization loss of protons of a given range 
determines the function F and permits us to construct a curve of 
I vs. R for nuclei of any mass or charge. Such a graph is shown 
in Big. 3. 

The relation between specific ionization and grain density 
depends of course on the sensitivity of the particular emulsions 
used, and has to be obtained by calibrating each set of plates with 
identifiable particles of known energy. 

Measurements of grain density, and therefore specific ionization, 
will uniquely identify the nucleus if its range is known or if the 
change in ionization can be measured between two points of the 
trajectory separated by a known amount of absorber, or if the 
energy and therefore the residual range can be deduced from the 
multiple Coulomb scattering of the particle in the emulsion. Grain 
density alone will identify the nucleus if it is known to possess 
relativistic energies. It is therefore easier to obtain the charge 
spectrum of primary radiation at low latitudes where relativistic 
energies are required to penetrate the earth’s magnetic field, 
because for those particles grain density is only a function of charge 
and not of both charge and velocity. 

The method of measuring specific ionization loss by 5-ray 
counting is quite similar to the grain counting method except that 
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the (5-ray density does not depend strongly on the sensitivity of 
the particular emulsion used provided this emulsion is able to 
register tracks of electrons with more than about 50 IveV energy. 
A formula for the number of electrons emitted in the ionization 
process with energies between W 1 and W 2 i« given by Bradt et aL 


Specific Ionization vs. Range 



Fig. 3 - Specific ionization loss of different nuclei in units of the minimum 
ionization loss of singly charged particles is plotted against their range in 

aluminum. 

[1948] based on the cross-section for elastic scattering of electrons 
in the Coulomb field of a nucleus calculated by Mott [1929]. 
Mott’s formula contains both terms which are quadratic and cubic 
in the charge Z, but the cubic term introduces only a few percent 
correction for Z < 30. The number of fast electrons and therefore 
the number of visible <5-rays depends otherwise on the velocity of 
















(5-Ray Density in Arbitrary Units 
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the nucleus only and, making use again of the arguments given 
above, the (5-ray density N will be given by: 

(3) N = Z * G (^ p ). 

Thus the <5-ray density N for any particle can be obtained as a 
function of range if it is known for a-particles or other identified 
nuclei. Fig. 4 gives the <5-ray density for different nuclei as a function 
of their range. Since both theoretically and experimentally the 
d-ray density is very nearly proportional to 1/u 2 we can also write: 

(4) = constant = A 


where A depends, of course, on the geometric criteria which are 
5-Ray Density vs. Range 



Range in Aluminum (gm./cm. 2 ) 

Fig. 4 - The number of (3-rays in arbitrary units is plotted for different 
nuclei as a function of their range in aluminum. 
























An iron nucleus produces a star in the emulsion and proceeds undeviated 
•without any appreciable loss of charge. 
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employed for counting 5-rays of different lengths and orientation. 

Again, if the energy of the particle is in the relativistic range, 
5-ray density alone is sufficient to identify the particle; otherwise 
additional information is required such as the range of the particle 
or the rate of change of 5-ray density with range or the energy as 
deduced from multiple Coulomb scattering. 

Since the background of slow electrons in nuclear emulsions 
exposed in the stratosphere is usually not negligible, it is necessary 
to correct the 5-ray count for background in the case of nuclei of 
charge Z < 8. 

Comparing the methods of grain counting and 5-ray counting 
we find that both have advantages and disadvantages. 5-rays are 
difficult to count because of the large variation in length and the 
strong scattering of the electron tracks. The strict maintenance of 
initially arbitrary criteria as to the length and orientation of the 
5-rays to be included in the counting requires experience, and 
introduces a subjective element, which limits the accuracy obtain¬ 
able to 15—20 %. The advantage of the method lies mainly in the 
fact that it gives reasonably good results over wide ranges of 
specific ionization such that tracks with ionization between 30 and 
1000 times minimum ionization can be measured in the same 
emulsion. For fast nuclei of charge Z < 6 the 5-ray method becomes 
very inaccurate, since the 5-ray density approaches the value given 
by the bi-^k- round of slow electrons in the emulsion. 5-ray counting 
involves \ use of fairly sensitive emulsions in which the fuzzy 
appearance of their tracks makes it easy to recognize heavy nuclei, 
and makes the detection probability very nearly equal to unity. 

The method of grain counting is much more accurate and object¬ 
ive and permits measurement of specific ionization with an error 
of less than 5 %. It is, however, necessary to employ emulsions of 
low sensitivity in order to obtain well separated grains along the 
track of a heavily ionizing particle. An emulsion of given sensitivity 
will permit good measurements over a range of 10 to 15 in specific 
ionization only and therefore cover only a small part of the primary 
spectrum in a single plate. It also becomes difficult to idontify a 
given track as due to a heavy nucleus since 5-rays will not be 
visible in emulsions of low sensitivity. This last difficulty can be 
avoided by combining sensitive and insensitive emulsions in 
closely packed, well aligned, stacks. Heavy particle tracks can then 
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easily be located in the sensitive plate and traced into the in¬ 
sensitive emulsion where grain density measurements are carried 
out. Table 1 given by Bradt et al. [1950c] shows that complete 
resolution of neighbouring elements is possible, and that therefore 
the chemical analysis of the primary cosmic ray beam can be 
carried out by these methods. 


TABLE 1 

Grain counts for successive 1000 micron intervals for five tracks traced through 
several insensitive plates 


Track no* 

B 403 

568 

B 12 

B 416 

408 

Element 

carbon 

nitrogen 

oxygen 

neon 

magnesium 


265 

391 

403 

555 

728 


266 

359 

390 

553 

722 


283 

307 

394 

572 

737 


251 

353 

465 




257 

347 

385 




275 

348 

393 





350 

394 





351 




Average 
grains/ 
1000 fx 

266 

351 

404 

1 

560 

728 


2. Nuclear interactions and energy measurements 

2.1 Different types of nuclear interaction 

In order to interpret the nuclear events produced by complex 
nuclei incident on a target nucleus, it is convenient to consider 
first the case where the target nucleus is a proton and then look 
at the event in the more familiar reference system where the 
proton is moving and the complex nucleus is at rest. 

When a proton is incident oil a heavy nucleus, a nuclear explosion 
or “star” is produced. The charged fragments are usually divided 
into four different categories according to their charge and energy: 

(a) Shower particles causing “light tracks”. These consist of 
singly charged particles of high energy with near minimum 
ionization. Fowler [1950] has shown that more than 75 % of 
these particles are jr-mesons, the remainder mostly protons. 
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They appear only in collisions involving energies in excess 
of ^ 1 BeV. and increase in multiplicity as the energy in¬ 
creases. As many as 60 shower particles have been observed 
to arise from an incident proton whose energy was estimated 
to exceed 3 x 10 12 eV (Schein [1951]). The tracks are usually 
collimated in the forward direction, the degree of collimation 
increasing with multiplicity. 

(b) Fragments producing “grey tracks”. These consist mostly of 
protons in the energy range from about 20 MeV to 200 MeV 
with a small admixture of heavier nuclei. The tracks are not 
collimated but are preferentially emitted in the forward 
hemisphere. These particles are probably the result of the 
nucleonic cascade started by the incident proton. 

(c) Evaporation tracks consisting of about equal numbers of 
protons and a-particles with energies of a few MeV and some 
heavier fragments whose charge rarely exceeds that of a 
carbon nucleus. The angular distribution of these tracks is 
spherically symmetrical. 

(<i) Recoil fragments. This is the part of the target nucleus which 
has escaped destruction in the collision and has cooled down 
by the evaporation of a-particles, protons and neutrons. A 
recoil fragment is almost always present if the target nucleus 
was heavy. It produces a very short track rarely exceeding a 
few microns in length. 

The appearance of some of these categories of tracks will change 

if wo transform to a coordinate system where the heavy nucleus 

is moving at high velocity: 

(a') The appearance of the shower particles will not be modified 
since they consist mostly of mesons produced in nucleon- 
nucleon encounters. The velocity of the reference system in 
which the two colliding nucleons have equal and opposite 
momenta is not changed by the interchange of target and 
projectile. 

(b') Depending on the velocity of the incident heavy nucleus the 
group of “grey” tracks will be shifted towards somewhat 
higher average energies and stronger collimation. 
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(o') Evaporation tracks will now appear as a highly collimated 
beam of protons, a-particles and some heavier fragments 
with energies per nucleon nearly equal to that of the incident 
nucleus. 

(d') The recoil fragment appears now as the original incident 
nucleus, reduced in charge but undeflected and with un¬ 
diminished velocity. 

If the collision occurs not between a heavy nucleus and a proton 
but between two heavy nuclei the situation is further complicated. 
All eight categories of tracks may appear. Also, since the number 
of nucleon-nucleon interactions is greatly increased, the destruction 
of both nuclei will in general be more complete. The number of 
shower particles may become very high and at the same time the 
number of grey tracks will increase at the expense of evaporation 
tracks and recoil fragments. This is illustrated by the fact that 
while evaporation particles and recoil fragments are nearly always 
present in the collision between a proton and a heavy nucleus, only 
40 to 50 % of collisions between heavy nuclei result in the narrow 
showers of protons, a-particles and heavy fragments which denote 
evaporation of the incident nucleus. 

Plate I shows a collision between a primary iron nucleus and 
(presumably) a silver or bromine nucleus in the emulsion, leading 
to the complete destruction of both. The number of fragments is 
close to 100 and considerations of charge conservation show that 
at least 30 to 50 mesons are present. Almost all tracks are due to 
singly charged particles of high velocity. In spite of the largo 
number of mesons which must be present, there is only moderate 
collimation of shower particles, indicating that the high multi¬ 
plicity is not due to very high energy of the incident nucleons but 
rather to a large number of nucleon-nucleon collisions at inter¬ 
mediate energies. The absence of a narrow cone of heavy fragment s 
or a-particles in the forward direction shows that the incident 
nucleus was completely disintegrated. 

Fig. 5 shows the collision between a nucleus of Z = 10 ± 1 and 
a target nucleus which is most probably a proton. No mesons are 
produced. The incident nucleus evaporates into fragments of 
charge 3 and 6 or 7. A third track caused by a proton of about 
200 MeV may be due to the target nucleus. The heavy fragments 
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are still observed after penetrating several glass plates and have 
relativistic velocity. 

Ne 



I 


i 1 * 

"• ) . 

. i. * i 

LI 

Fig. 5 - A neon nucleus collides with a proton and breaks up into a nucleus 
of lithium and a carbon (or nitrogen) fragment. 



INCIDENT PRIMARY 
OF THE Mg-Si GROUP 







SHOWER OF 
5 ALPHAPARTICLES 
PLUS 1 PROTON 





Fig. 6 - A nucleus of the Mg-Si group collides with a nucleus of the emulsion. 
The narrow shower consisting of one proton and 5 a-particles is believed 
to be due to the evaporation of the primary nucleus which had been excited 
in the collision. The other particles emerging from the star are considered 
to be fragments of the target nucleus. 
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iig. 6 illustrates the clear separation between the evaporation 
tracks of the incident nucleus and the other star fragments. The 
incident nucleus has a charge Z = 12 to 14, its evaporation products 
are represented by a narrow cone containing five a-particles and 
one proton, all of relativistic energies. The average angle between 
the a-particles and the shower axis is 0.03 radian. A similar event 
is shown in Fig. 7 where a nitrogen nucleus gives rise to a narrow 
shower containing three a-particles; the angles between the tracks 
are of the order of 10“ 3 radian. 



Fig. 7 - A nitrogen nucleus collides with a nucleus of the emulsion. The 
collision was probably a glancing collision in which the charge of the 
incident, nucleus was reduced by one unit. The excited carbon residue 
subsequently disintegrated into 3 a-particles which in the laboratory system 
are emitted in a narrow cone in the forward direction. 

Plate II illustrates a collision in which the incident nucleus 
escapes almost undamaged. The original charge of about 20 is 
reduced by not more than 2 units. Fig. 8 illustrates the collision 
of an a-particle of energy 10 12 — 10 13 eV with a silver or bromine 



INCIDENT 

ALPHAPARTICLE 



Fig. 8 ~ A primary a-particle of energy 10 12 —-10 13 eV gives rise to 56 shower 
particles most of which are mesons. 23 of the shower particles are concentrated 
in a narrow core. Production of high energy electron-positrons in the core 
is interpreted as due to y-rays from the decay of a comparable number of 

neutral mesons. 
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nucleus in the emulsion. The total number of charged mesons is 
larger than 60. Twenty-three shower particles are concentrated in 
a narrow core which also contains an approximately equal number 
of high energy 7-rays attributed by Bradt et al. [1950b] to the 
decay of neutral mesons produced in the encounter. 

2. 2 Mean free path for nuclear collisions 

By exposing large stacks of photographic plates carefully aligned, 
it is possible to trace the trajectories of heavy nuclei over appreciable 
distances and therefore study the frequency of collisions leading 
to complete or partial destruction of the nucleus in some absorber 
separating the emulsions. 

Taking as criterion for a collision that the charge of the nucleus 
emerging from the absorber must be reduced by at least two units, 
Bradt et al. [1950a, c] obtained the collision mean free path in 
glass and Kaplon et al. [1951] in brass, for four groups of 
nuclei. Their results are represented in Table 2. 


TABLE 2 


Atomic Number 

Numl 

Collisions 

in glass 

3er of 
obsorvod 

in brass 

A(gm.cm~ 2 ) 

glass 

X (gm.cm -2 ) 
brass 

<N 

II 

20 

5 

50 

80 

3 < 5 

5 

— 

47.5 



59 

43 

34.5 

58.5 

10<Z<26 (£ BTerw ~14) 

47 

26 

25.5 

49 


The corresponding cross-section can be represented by the empirical 
formula: 

(5) a = 31 (r x + r 2 — 2 Ar) z 

where the subscripts refer to the two colliding nuclei, 

r = 1.45 x 10 -13 .4 1/3 cm. and 
Ar = 0.85 x 10“ 13 cm. 

This formula may be interpreted as a cross-section which is smaller 
than the geometric cross-section because of the small overlap of 
nuclear volumes which may occur before strong interaction takes 
place. Since glass contains mostly the light nuclei oxygen and 


14 





210 


PRIMARY COSMIC RADIATION 


silicon, the same formula should be applicable for calculating the 
collision cross-section in air. The corresponding mean free paths 
are then given by: 

Atomic number 
Z = 2 
3 <Z < 5 
6 <Z < 9 
10 < Z < 26 (Z averafie ~ 14) 21.0 

It follows that, even at an altitude of 90,000 feet, corresponding 
to 16 gm. cm" 2 of residual atmosphere, there is already an appreci¬ 
able reduction of the flux of heavy nuclei at large zenith angles 
and a shift in the charge spectrum towards lower atomic number. 
This shift is due partly to the smaller collision cross-section of 
lighter nuclei, partly to the addition of fragments from the break 
up of heavier nuclei and partly to the higher ionization losses of 
bhe heavier nuclei. Correcting for the absorption of primaries in 
nuclear collisions it was shown that at high latitude the angular 
distribution of heavy particles at balloon altitudes corresponds to 
an incident flux which is isotropic at the top of the atmosphere. 

Conversely, if isotropy at the top of the atmosphere is assumed, 
the mean free path for destruction of heavy nuclei in air can be 
obtained from the angular distribution below the top. This method 
was used by Dainton et al . [1960] to obtain a mean free path in 
air from the angular distribution of heavy particles at 68,000 feet 
(52 gm.cm” 2 ). The charge spectrum obtained by these authors 
shows that at an altitude of 68,000 feet most of the particles of 
charge Z > 10 have already been eliminated by nuclear collisions. 
Their value for the mean free path of 28 gm.cm” 2 refers to particles 
which belong mainly to the carbon, nitrogen, oxygen group and is 
therefore in very good agreement with the value calculated from 
collision cross-section of these nuclei in glass. 

2. 3 Energy determination for non-relativistic nuclei 

If the particle comes to rest in a stack of photographic plates its 
range in addition to its specific ionization is measured, and 
charge and energy are determined simultaneously (§ 1. 2). Energy 
determination is also possible if the particle is sufficiently slow to 
exhibit an increase of ionization along its path. Kaplon et ah 


A a (gm.cm” 2 ) 

44.6 

32.0 

27.0 
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[1951] measured the energy spectrum of particles with charge 
Z > 6 in the range from 0.35 to 0.7 BeV/nucleon by this method. 
The spectrum was obtained from the range distribution of particles 
in a large stack of horizontal emulsions separated by brass absorbers. 

As the energy increases, most particles will undergo nuclear 
collisions before they slow down and very few particles will be 
found whose range can be measured. Using the collision mean free 
paths of § 2. 2 one finds that less than 10 % will reach the end of 
their range if the particle energy exceeds: 

0.425 BeV/nucleon for Helium 
0.74 „ for Oxygen 

0.91 ,, for Silicon 

1.05 ,, for iron 

Different techniques are therefore required to measure the energy 
spectrum above these values. 

Up to energies of a few BeV/nucleon one can use the methods 
developed by Goldschmidt et ctl. [194S], Occhialtni [1949] and 
others, who measured the multiple Coulomb scattering of particles 
traversing nuclear emulsions. The track is divided into equal cell 
lengths and the angle between sagittas or tangents in neighbouring 
cells is measured. The mean scattering angle is given by 

where Z, /?, p are the charge, velocity and momentum of the 
scattered particle and t is the cell length employed. The constant 
K depends mainly on the scattering material and the definition 
of the mean scattering angle, it is however, also a slowly varying 
function of the cell length t. Corson [1950] determined K for 
nuclear emulsion. He defined a as the mean angle between successive 
sagittas projected into the plane of the emulsion. The cell length 
employed was 100 p. Single large scatterings were .omitted from 
the determination of a if they exceeded four times the mean 
scattering per cell lengths. With this definition he measured 

a = (0.26 ± 0.01)° for 100 MeV electrons 


and 100 p, cell lenghts. 



212 


PRIMARY COSMIC RADIATION 


Using the experimental value, the scattering angle for heavy 
nuclei becomes 


( 6 ) 


a = 


4.5 x 10 "* 
Pv o 



where a is the scattering angle in radians between successive 
sagittas projected into a plane containing the track, 

Z/M ~ \ is the charge to mass ratio for heavy nuclei, 
t is the cell length in units of 100 fx, 
jS = vjc is the velocity and 

p 0 is the momentum per nucleon in units of BeV/c. 


The smallest measurable scattering is determined by the finite 
length of track in the emulsion, by distortion of the emulsion, by 
imperfections of the microscope stage and by reading errors due 
to the finite size of grains. The highest energy which can at present 
be measured is of the order of 2 BeV/nucleon, although occasionally 
an exceptionally long track may permit the measurement of some¬ 
what higher energies. 


2. 4 Energy determination for relativistic nuclei 

Energies from 1 BeV/nucleon to approximately 100 BeV per 
nucleon can be measured by making use of the narrow showers 
containing a-particles and recoil fragments which are produced 
in the collision of heavy primary particles and represent the 
evaporation tracks of the incident nucleus. Illustrations of such 
showers were given in § 2. 1. Before describing how these measure¬ 
ments are carried out, it is useful to discuss the kinematics of these 
showers in order to show that the angle of divergence of the shower 
particles can be used to obtain an energy estimate as well as an 
upper limit on the energy of the incident particle, and that all 
shower particles have nearly the velocity of the incident nucleus. 

Although in many cases (see Fig. 6) the evaporation shower is 
clearly separated from the rest of the particles emitted in a collision, 
it cannot be ruled out that mesons with relativistic energies will 
sometimes appear in the shower core. We limit ourselves therefore, 
to shower particles of charge Z > 1. In high energy collisions these 
fragments will have relativistic energies in the laboratory system. 
Since relativistic multiply charged fragments are not emitted in 
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ordinary stars we can safely assume that they represent particles 
evaporated from what remained of the incident nucleus after the 
collision had taken place. Almost all these shower particles are 
a-particles which should have the same angular distribution and 
energy spectrum in the rest system of the incident nucleus as the 
evaporation a-particles from stationary target nuclei since they are 
produced in identical processes. 

Evaporation a-particles have been studied by many observers 
and are known to be emitted isotropically. Le Couteur [1950] and 
others have discussed their energy spectrum. Their average energy 
lies between 10—15 MeV and particles above 30 MeV are rare. 

The root mean square angle which the shower particles in the 
laboratory system make with the direction of motion is simply 
related to their mean kinetic energy in the rest system: 

(7) • 

Here <T> is the average kinetio energy of the a-particles in the 
rest system, M is the proton mass and p 0 is the momentum per 
nucleon of the incident particle. Using 12 MeV for the average 
a-particle energy one obtains for incident particles of high energy: 

( 8 ) VW> - ~ 

■U'j£" ' 

where 0 is measured in radians and e 0 is the total energy per nucleon 
of the incident particle in BoV. Comparing this value with (6) one 
sees that multiple Coulomb scattering will change the opening 
angles of the shower by less than 10 % over a distance of 10 cm. 
The angles between the shower particles can therefore be measured 
with very high precision by measuring the separation of tracks 
in two successive plates separated by several centimetres. Angles 
of the order of 10“ 4 radian can easily be measured and therefore 
energy estimates for the incoming particle could be made up to 
~ 600 BeV/nucleon. 

If the shower contains only two or three a-partioles the estimate 
could be quite wrong since in the rest system all the a-partioles may 
accidentally be emitted in the forward or backward direction close 
to the direction of motion or because they may all have energies 
much smaller than the assumed average energy of 12 MeV. Both 
effects would decrease the opening angle in the laboratory system 
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and lead to an overestimate of the energy. However, as the multi¬ 
plicity of a-particles increases the danger of gross overestimate 
decreases rapidly. 

If we assume that none of the a-particles are emitted in the rest 
system with more than 30 MeV, the largest observed angle of any 
shower particle with respect to the axis gives an upper limit for 
the energy of the incident particle. The largest possible angle in 
the laboratory system is given by: 

So f 8,11 ®max = /^max ($) Pnua) ^ 
or 

(9) 

Since > |/< 6 2 > it follows that while the energy can be 
overestimated from the angular aperture of the shower it cannot 
be underestimated by more than a factor 2. 

In the laboratory system the velocities of all a-particles are 
nearly the same and equal to that of the incident nucleus. If e., s' 
denote the energy per nucleon of an a-particle in the laboratory 
system and the rest system respectively, e 0 the energy per nucleon 
of the incident particle; and & the angle at which the a-particle is 
emitted in the rest system, then 

(10) e = s'e 0 + J/(e') a —1 Keg-l cos &. 


For e 0 » 1 and e' — 1 <8 x 10 -3 corresponding to the maximum 
a-particle.c nergy of 30 MeV, the difference in the energy per nucleon 
of the a-particles and the incident nucleus is limited by: 


l e ~ e o I 
«0 


< 13 % 


the most probable energy spread being less than half this value. 

The homogeneity in energy of all the shower particles makes it 
possible to measure the energy of the incident nucleus by measuring 
multiple Coulomb scattering of the a-particles in the shower. 

In order to make scattering measurements in the energy range 
between 1 to 100 BeV/nucleon it is necessary to reduce the reading 
error by using large cell lengths and to avoid the error arising 
from the distortion of emulsions and inaccuracies of the microscope 
stage. The first can be accomplished by using large stacks of 
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nuclear emulsions separated by several mm of absorber and tracing 
the shower particles through distances of 10 to 20 cm. Inaccuracies 
in the stage are eliminated by measuring only the relative scattering 
of the particles, i.e. measuring their relative separation in successive 
plates. The effect of distortion in the emulsion can be avoided by 
measuring the distances between tracks at the point where they 
enter the glass of the plate. 

In the absence of scattering the distances between tracks should 
increase linearly between evenly spaced plates. Errors arise from 
relative tilt and rotation of successive plates and small unknown 
differences in plate spacing. Errors due to tilt and rotation can be 
made negligible by careful construction. Since the spurious scatter¬ 
ing due to variation in plate spacing is proportional to the angle 
of divergence of the tracks and since for cell lengths of ~1 cm. 
the true scattering angle is of the order of 3 % of this opening 
angle, the plate spacing must be known with an accuracy better 
than £ %. The required accuracy is independent of the energy to 
be measured since the error is proportional to the opening angle 
and the spurious scattering as well as the true scattering is for a 
given cell length inversely proportional to the particle energy. 

The error arising from variations in plate spacing can be 
eliminated in the statistical treatment of the data, since unlike the 
random scattering it changes simultaneously all distances between 
the shower particles by the same percentage. 

The method of using the relative scattering of evaporation 
a-particles in order to determine the energy of heavy nuclei has 
been used by Kaplon et al. [1951]. 

Table 3 summarizes their first results. 

The first column gives the charge of the primary nucleus, the next 
columns: 

the nature of the shower particles of charge Z > 1, 

the cell lengths employed, 

the number of cells available for measurement, 

the energy per nucleon determined from scattering, 

the energy estimate from the r.in.s. angle of the shower 

particles based on two different values for the average 

a-particle energy in the rest system, 

and the upper limit of the energy based on the largest 

occurring angle, 0 umx . 
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TABLE 3 


Energy of Heavy Primary Nuclei Determined from their Break-up Products 


Primary 

Shower particles 

Cell length mm 

No. of cells 

Energy from 
scattering 
(BeV/nucleon) 

Energy from 
opening angle 
(BeV/nucleon) 
for <T>: 

Upper limit of energy 
from opening 
angle (BeV/nucleon) 

12 MeV 

10 MeV 

Ca 20 

Be 4 + 0a 

27.0 

6 

32.0 

25.0 

22.6 

37.0 

Fe 2 ® 

B 5 + 3a 

21.4 

2 

, 25.5 

32.0 

29.1 

49.0 

0 8 

Be 4 + 2a 

10.4 

2 

21.0 

17.0 

15.4 

33.0 

Mg 12 

4a. 

13.7 

2 

4.3 

5.3 

4.8 

10.0 

0 8 

3a 

10.3 

4 

4.1 

5.9 

5.4 

12.0 

C 8 

3a 

10.5 

5 

3.7 

8.0 

7.2 

18.0 

gl6 

N 7 + 2a 

10.9 

4 

3.4 

3.4 

3.0 

4.3 

Si 14 

4a 

5.2 

2 

3.3 

4.0 

3.6 

8.0 

0 8 

3a 

5.0 

2 

0.95 

1.4 

1.2 

3.4 

Mg la 

N 7 -f 2a 

5.2 

4 

0.93 

1.0 

0.85 

2.1 

Si 14 

4a 

5.7 

2 

0.90 

1.6 

1.40 

2.8 

Fe 2 ® 

Mg 12 + 2a 

5.6 

4 

0.80 

1.4 

1.20 

3.2 

Ne 10 

4a 

5.4 

2 

0.54 

0.62 

0.53 

1.5 

gi« 

0 8 * + 4a 

10.0 

2 

0.30 

0.40 

0.34 

0.95 


* The range of this fragment shows that its energy lies between 0.33 
and 0.37 BeV/nucleon. 


It is seen that the estimates based on the angular aperture of the 
shower are in fair agreement with the values obtained from 
scattering. 

3. The flux and energy spectrum of primary cosmic 

RAY NUCLEI 

The determination of the number of primary protons entering 
the atmosphere is complicated by the faot that they cannot easily 
be distinguished from secondary high energy protons produced 
in collisions in the upper atmosphere. This difficulty is not 
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eliminated if the flux is measured outside the atmosphere by 
telescopes carried in rockets. Secondary protons are leaving the 
atmosphere and may even return again after being bent by the 
earth’s magnetic field at large distances. That this effect is appreci¬ 
able was shown by van Allen et al. [1950] who obtained a counting 
rate at a height of about 100 km which increased strongly with 
zenith angle. They observed an angular distribution / (8 , = J (0) 
(1 + 0.6 sin 0), and attributed the excess at large angles to the 
atmospheric albedo which may be expected to increase with zenith 
angle. The vertical flux J 0 represents an upper limit rather than a 
true value for the primary flux. Perlow [1951] has demonstrated 
this by showing that at geomagnetic latitude 41° N even at rocket 
altitudes part of the vertical counting rate is due to electrons of 
moderate energy and perhaps to protons whose energy is lower 
than the magnetic cut-off energy of primary protons at this 
latitude. 

The difficulty of distinguishing primary from secondary particles 
is not as serious in flux determinations of the heavy primary 
component. Sometimes collisions in the upper atmosphere will 
completely destroy these nuclei. At other times part of the heavy 
nucleus may escape strong interaction with the target nucleus 
and survive the collision but, if it survives, the residual nucleus 
with its evaporation products will proceed undeviated in the 
original direction and cannot leave the atmosphere. Hence at 
sufficiently high altitudes one measures the true primary flux of 
the heavy component. 

At present most flux measurements on primary heavy nuclei have 
been made with photographic emulsions at geomagnetio latitudes 
between 55° and 30° N. In recent months counter equipment 
designed for the detection of heavy nuclei and measurement of 
specific ionization has been developed and will no doubt result in 
more accurate flux values in the near future. 

In determining tho flux of particles entering the top of the 
atmosphere from observations carried out below 10—20 gm.cm -2 
of air several corrections are necessary: 

a) The destruction of nuclei in the residual atmosphere has to 
be taken into account. Since the mean free path for nuclear collisions 
can be determined directly (as shown in § 2. 2), this correction can 
be made with fair accuracy. 
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b) The number of light nuclei will be increased by fragments 
of heavier nuclei making collisions in the upper atmosphere. This 
correction is small for a-partioles but not for the much rarer 
elements of charge Z < 6. Especially when examining the absence 
or presence of a particular element of low abundance in the primary 
cosmic ray beam, this effect has to be considered. 

c) At high latitudes particles may enter whose energies are 
insufficient to penetrate the residual atmosphere above the detector. 

In order to penetrate to an atmospheric depth of 15 gm.cm -2 the 
energy of the primaries must exceed 

.13 BeV/nucleon for a-particles 
.28 BeV/nucleon for Oxygen 
.37 BeV/nucleon for Magnesium 
.60 BeV/nucleon for Iron 

Thus at a latitude X = 54° where the cut-off energy for heavy nuclei 
is 0.35 BeV/nucleon, the low energy spectrum of particles of charge 
Z > 12 can only be studied at altitudes exceeding 30 km. 

3.1 The flux of primary alpha-particles 

Helium is, next to hydrogen, by far the most abundant element 
in the primary cosmic ray beam. The flux of this component has 
been studied in emulsions (Goldearb et al. [I960]), with pro¬ 
portional counters (Perlow [1951]) and with scintillation counters 
(Ney [1951]). Data closely related to the flux of primary a-particles 
have also been obtained with low pressure counters by Singer 
[1949, 1950] and by Pomerantz et al. [1949]. 

All these measurements are complicated by the fact that the 
number of secondary particles which have the same specific 
ionization as primary a-particles is appreciable even at high alti¬ 
tudes. A true flux determination requires therefore not only a 
measurement of the specific ionization but also an energy measure¬ 
ment to determine whether the particle energy exceeds the geo¬ 
magnetic cut-off value or is at least sufficiently high to exclude 
most secondary particles. 

Goldfarb tried to distinguish primary helium nuclei from 
secondary particles by plotting number of particles vs. grain density 
in emulsions exposed under 10—15 gm.cm -2 of residual air. A sharp 
peak in the distribution is obtained at a value of grain density 
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corresponding to four times minimum ionization. From the number 
of particles in this region of grain density he subtracted a back¬ 
ground of secondary particles extrapolated from the number of 
tracks whose grain density fell outside the peak. Fig. 9 and 10 
show the number of tracks obtained at two different latitudes 
plotted against the specific ionization K in units of minimum 


2 

TRACKS/CM 



Fig. 9 - Frequency distribution of particles of a givon specific ionization 
K/K min as obtained by grain count observed at geomagnetic latitude 
A = 51°. The peak at K/K mln = 4 is attributed to primary a-particles. 
Since at that latitude all a-particles are admitted whose energy exceeds 
0.5 BeV/nucleon the peak is broadened towards larger values of i£/if mln . 



Fig. 10 - Frequency distribution of particles of a given specific ionization 
K/K mhl as obtained from grain counting, observed at goomagnetic latitude 
A = 30°. Since at that latitude a-particles are only admitted if their energy 
exceeds 3.5 BeV/nucloon a sharp peak is produced by the primary helium 
component at KIK mitl = 4. 
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ionization j5T m , n . Based on a collision mean free path for a-partioles 
in air of 60 gm.om -2 , he obtains the flux values 

340 ± 120 a-particles m -2 sec -1 sterad -1 at A = 61° N 
80 ± 30 a-particles m -2 sec -1 sterad -1 at A = 30° N 

The large probable error in these flux values is mainly due to the 
uncertainty in the number of secondary particles of equal ionizing 
power which have to be subtracted. 

At an altitude corresponding to ~ 16—20 gm.cm -2 of residual 
atmosphere, the correction for relativistic a-particles which are 
fragments of heavier nuclei colliding in the air above is not very 
large. The nuclei of charge Z > 2 constitute less than 10 % of the 
a-particle flux and less than half of these will have suffered collisions 
in the first 16—20 gm.cm -2 of air. We may expect that per col¬ 
lision the number of fast a-particles produced in air is the same as 
produced in collisions in glass. This number has been measured 
and is 


0.45 fast a-particles per collision for particles of 
charge 6 < Z < 9 

0.70 fast a-particles per collision for particles of 
charge Z ^ 10. 

Secondary a-partioles from this source will therefore contribute 
less than 3 % to the flux values given above. 

Additional measurements at A = 30° were carried out counting 
only particles which in addition to the correct ionizing power had a 
range in glass sufficient to establish their relativistic energy. The 
new flux value obtained was: 60 ± 10 particles m -2 sec -1 sterad -1 . 

The value at A = 61° should be compared with the value 280 ± 8 
particles m -2 sec -1 sterad -1 obtained by Ney et al. [1951] at A — 65°. 
Their values are based on the pulse height distribution of a scintill¬ 
ation counter inserted into a counter telescope. 

Pomerantz [1949] estimates that about one third of the incident 
primary particles are helium, nuclei. 

At A = 41° Perlow [1951] used a proportional counter inserted 
into a rocket borne counter telescope and obtained a value of 
140 ± 30 a-partioles m -2 sec -1 sterad -1 . 



FLUX AND ENERGY SPECTRUM 


221 


At the same latitude Singer [1949, 1950] measured the efficiency 
of a low pressure counter inserted into a rocket borne telescope and 
compared its efficiency to that obtained from mesons at sea level. 
He interpreted the efficiency ratio of 1.30 ± 0.15 as due to a 
mixture consisting of 80 % singly charged relativistic particles and 
20 % helium or heavier nuclei. 

At A = 0° Singer obtains with the same apparatus an efficiency 
ratio of 1.0 ± 0.2 consistent with a primary beam consisting of 
protons only. However both a-particles and heavier nuclei whose 
energy exceeds the magnetic cut-off at the equator have been 
identified in photographic plates and heavy nuclei have been found 
in plates exposed at the equator. The value of the helium flux at 
A = 0° must therefore await further clarification. 

The available data for a-particle flux have been collected in 
Table 4. 

TABLE 4 


Flux of primary helium nuclei 


Geomagnetic latitude 

Particles (m^sec^sterad -1 ) 

e 

O 

CO 

I! 

60 ± 10 

A = 41° 

140 ± 30 

A = 51° 

340 ± 120 

A = 55° 

280 ± 8 


Since the a-particle component constitutes a large fraction of 
the incident nucleons, it seems very desirable to increase the 
accuracy of these values by counter measurements at different 
latitudes. 

3. 2 The flux of primary nuclei of charge Z >2 

The three lightest nuclei in this group: lithium, beryllium and 
boron are rare in the primary beam. In photographic emulsions 
their detection is difficult because they have to be sorted out from 
a large background of secondary tracks of equal ionizing power. 
Their identity can be established by a combination of grain counting 
and scattering measurements or by establishing that their range 
exceeds that of a-particles of equal ionizing power. 

In Ney’s scintillation counter arrangement pulses corresponding 
in height to the passage of such particles are mostly due to nuclear 
disintegrations produced in the counter. 
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Because the number of primary Li, Be, B nuclei is small while 
at the same time they frequently occur as fragments in nuclear 
collisions of heavier primaries, the contribution from collisions in 
the atmosphere accounts for a sizeable fraction of such nuclei 
below 20 gm.cm~ 2 of atmosphere. 

At present only measurements at geomagnetic latitude X = 30° 
are available (Bradt et al . [1950c]). These measurements are 
consistent with the complete absence of such nuclei in the primary 
beam, and yield an upper limit of 0.4 particles m“ 2 sec“ 1 sterad“ 1 . 

Primary particles of charge Z ^ 6 are easily detected in photo¬ 
graphic emulsions. Their flux was measured below 15—20 gm.cm -2 
at latitudes X = 55°, 51°, 41°, 30°, and the results are given in 
Table 5. 


TABLE 5 


Flux of 'primary nuclei of charge Z > 2 


Geom. latitude 

particles m” 2 sec~ 1 sterad“ 1 


3 5 

6 9 

Z > 10 

A = 55° 

? 

15 ± 1.5 

4.5 ± 1.0 

A = 51° 

? 

12 ± 3 

3.5 ± 0.7 

A = 41° 

? 

5.8 ± 0.7 

2.5 ± 0.5 

A = 30° y 

< 0.4 

3.4 ± 0.5 

1.0 ± 0.3 


At latitude 55°, below 10 gm.cm" 2 of air, Ney et al . [1951] 
obtained flux data from the pulse height distribution of a scintillation 
counter. Their values: 

16. ± 2 particles m" 2 sec“ 1 sterad'" 1 , 6 < 8 

4.3 ± 1 particles m^sec^sterad" 1 , Z ^ 9 

are in close agreement with the values obtained in photographic 
emulsion. 

The low energy part of the CNO group at X = 55° has been 
further investigated by measuring the range distribution of those 
particles which came to rest by ionization loss. It was found that 
about 20 % of these incident nuclei have energies between 0.3 
and 0.45 BeV/nucleon and another 20 % have energies between 
0.45 and 0.7 BeV/nucleon. Similar range measurements have been 
carried out for particles of charge Z ^ 10 in the energy range from 
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0.6 to 1.3 BeV/nucleon. The results have been included in Fig. 11. 

Dainton et al. [1950] measured at A = 64° the flux of particles 
with energy sufficient to reach a stack of plates at an altitude 


Integral Energy Spectrum of 
Primary Cosmic Rays 



Fig. 11 - Integral onergy spectrum of different components of cosmic 
radiation. Tho curve for protons was drawn such as to give the observed 
total primary flux at each latitude. 

corresponding to 52 gm.cm -2 . Their flux value is 13 particles 
m _2 sec _1 sterad _1 of charge Z > 6. Since 70 % of the particles 
observed at the higher altitudes have sufficient energy to penetrate 
to this depth, their value is in agreement with other measurements. 
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3. 3 The low energy cut-off for heavy primary nuclei 

It is obvious that any high energy ion which traverses a small 
amount of atmosphere (< 1 mg) will be completely stripped of its 
orbital electrons. It is however important in connection with the 
ori gin of these particles to know whether this stripping occurs in 
the upper layers of the atmosphere or whether the particles are 
already stripped outside of the atmosphere and approach the earth 
as bare nuclei. 

If they arrive completely stripped such that their charge to mass 
ratio ZjM = \ outside the earth’s atmosphere, particles at a given 
latitude can only arrive if their momentum per nucleon exceeds 
the value pj2 where p e is the cut-off momentum for protons at 
this latitude. 

For instance at A = 54° heavy particles, if they arrive completely 
stripped, would have a minimum energy of 0.35 BeV/nuoleon. This 
corresponds to a minimum range for carbon and oxygen nuclei 
of 28 and 21 gm.cm -2 respectively. If the particles had retained 
one of their K-electrons when entering the earth’s magnetic field 
the corresponding ranges would be 15 and 12 gm.cm -2 respectively. 
Bbadt et al. [1949] found at latitude A = 54 — 55° no carbon or 
oxygen nuclei with ranges between 15 and 20 gm.cm -2 but an 
appreciable number with ranges between 20 and 40 gm.cm -2 . This 
shows that at least the light particles have lost all electrons before 
entering the atmosphere. 

At the same latitude very heavy nuclei like iron would only 
penetrate 6.8 gm.cm -2 if their energy is 0.35 BeV/nucleon. 
Observations at altitudes corresponding to less than 5 gm.cm -2 of 
residual atmosphere would be required to establish whether these 
particles also arrive completely stripped or whether particles With 
less than 0.35 BeV/nuoleon are admitted. Such altitudes are not 
accessible to balloons at present. Nevertheless it seems fairly 
certain that very heavy particles also arrive without any electronic 
shells. This follows from the observation that no slow heavy nuclei 
have been found at A = 30° where the cut-off energy for bare 
nuclei in 3.6 BeV per nucleon and that the lowest energies observed 
so far at A = 41° correspond exactly to the cut-off value for bare 
nuclei (1.6 BeV/nucleon). 

It seems therefore safe to assume that the latitude effect can be 
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used to establish the energy spectrum for nuclei of any charge 
value. 


3.4 Time fluctuations in the flux of heavy nuclei 

All the flux values of Table 5 have been obtained in daylight 
flights. Reoently Lord et al. [1950] have reported large time 
fluctuations in the heavy particle flux at A = 55°, probably correlat¬ 
ed with time of day. The number of particles whose <5-ray density 
corresponds to more than 100 times the ionization of a singly- 
charged relativistic particle was found to be smaller by a factor of 

2.5 in two flights carried out at night time, compared to the cor¬ 
responding number in day flights. At latitude 54° these particles 
consist of heavy primaries of charge Z ^ 10 and the more numerous 
low energy nuclei of the carbon, nitrogen, oxygen group. It is not 
known yet whether the observed fluctuations are confined to the 
low energy primaries or extend over all energy ranges. The exper¬ 
iment is difficult because the number of low energy primaries are 
very sensitive to the geomagnetic and the atmospheric out-off and 
the observed number depends therefore critically not only on the 
height of the balloons but also on their drift in the north-south 
direction. 

A much smaller time fluctuation of heavy primary particles was 
also observed by Ney et al. [1951] at the same latitude. These 
workers found, between 10.30 a.m. and 3 p.m., an increase of 35 % 
in the counting rate of particles whose speoific ionization exceeded 
16 times the minimum value. At the same time the counting rate 
of particles with minimum ionization stayed constant within 3 %. 

3. 5 The energy spectrum of primary cosmic rays 

In addition to the information obtained from the variation of 
flux with geomagnetic latitude, range measurements have furnished 
some data in the low energy region and scattering measurements 
in the high energy region. The results obtained from the range 
distribution of particles of charge Z ^ 6 at X = 55° have already 
been mentioned. Large horizontal sheets of emulsion were inserted 
between absorbers and exposed at altitudes corresponding to 
20 gm.cm' *. On the assumption that the cross-section for nuolear 
collisions in the absorber does not depend on the energy of the prim¬ 
ary particle, the observed range distribution of particles coming to 
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rest by ionization can be transformed into an energy distribution 
at the top of the atmosphere. 

Energy determinations at higher energy were made by measuring 
the relative scattering of a-particle fragments in the narrow 
“evaporation” showers as described in § 2. 3. 

Heavy primaries incident on a stack of horizontal emulsions 
separated by brass plates were followed through the stack; the 
energy was determined for all those giving rise to narrow a-partiole 
showers. 

Examples of such energy determinations were given in Table 3. 
Since there is a close correspondence between the energy values 
obtained from the relative scattering of the o-particles and those 
obtained from the mean square opening angle of the shower, the 
results of both kinds of measurement can be combined. Most of 
the primaries whose energy has been measured in this way have 
charge Z > 12. 

Only if we assume that the number of evaporation a-particles 
produced in a collision between heavy nuclei is; at energies above 
about 1.5 BeV/nucleon, independent of energy and depends only 
on the size of the nuclei and the impaot parameter, do such measure¬ 
ments determine the differential energy spectrum of heavy nuclei 
above 1.5 BeV/nucleon. This assumption, while not unreasonable, 
cannot at present be proved. 

The difficulty could perhaps be avoided by using absorbers of 
low atomic number between emulsions. If the absorber contains 
a large amount of hydrogen the probability of obtaining in a given 
collision a narrow a-particle shower will be greatly increased and 
may approach unity for all energies above 1 BeV/nucleon. 

The data discussed in §§ 3.1 and 3. 2 can be represented by an 
energy spectrum which is identical for all heavy primaries in the 
energy range from 0.35 to ~ 10 BeV/nucleon. The number of 
particles m -2 sec- 1 sterad _1 with kinetic energy per nucleon in 
excess of e (BeV) is then given by: 

= (l+e) 1 '. 2 

K = 380 for IMfrum 
K = 20 for Carbon, Nitrogen, Oxygen 
K = 6 for particles of charge Z > 9. 


( 11 ) 

where 
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In order to account for the total primary flux as measured by the 
vertical counting rate of telescopes above 15 gm.cm -2 of 
residual atmosphere (Winckler et al. [I960]) we must assume 
for the proton component in the same energy range a spectrum 
which fall s off somewhat more slowly: 

<«> *<•> - 

where K v = 3800. 

Fig. 11 shows the integral energy spectrum for protons, helium, 
CNO and heavier nuclei. It shows also the total number of nucleons 
incident with energies larger than s. The experimental points are 
indicated on the graph. 

In order to obtain the total primary flux as a function of latitude 
we have to add the flux of protons whose momentum exceeds the 
cut-off value p e to the flux of heavy particles whose momentum 
per nucleon exceeds the value pj2. The proton energy spectrum 
and intensity in Fig. 11 has been so chosen as to give a total primary 
flux at each latitude in agreement with the values given by 
Winckler. 

There are then 3630 nucleons m -2 seo -1 sterad -1 incident on the 
atmosphere with energies between 0.35 and 8 BeV. They carry a 
total energy of 8000 BeV m^sec^sterad -1 or an average energy 
of 2.2 BeV/nucleon. Of these nuoleons 

66 % are due to protons 
26 % due to helium 
5 % due to carbon, nitrogen, oxygen 
3 % due to particles of charge Z ^ 9 

These percentages represent also very nearly the relative amounts 
of energy carried by each component. 

The contribution of the heavy primary components to the sea 
level cosmic ray intensity cannot as yet be determined. The total 
latitude effect at sea level amounts to only 14 %; therefore 86 % 
of all sea level mesons must be produced by the latitude insensitive 
part of the primaries that is by protons of energy larger than 
~ 15 BeV and heavy nuclei of energy larger than ~ 6.6 BeV/ 
nucleon. The composition of the primary radiation above these 
energies is still unknown. 
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It is interesting to note that within the accuracy of the measure¬ 
ments all heavy primary particles seem to have the same velocity 
spectrum. 

This fact permits a test of various hypotheses concerning the 
accelerating mechanism of primary particles and will be further 
discussed in § 5. 

4. The chemical composition of primary oosmio radiation 

4.1 The charge spectrum between latitudes X = 55° and X = 30° 

In §§ 2 and 3 we have divided the heavy component of primary 
radiation into four groups: a-particles, the group comprising 
lithium, beryllium and boron; the carbon, nitrogen and oxygen 
group and the heavy group containing elements up to charge 
Z ~ 26. From the data in Table 1 (§ 1. 2) it is, however, apparent 
that under favourable conditions the atomic number of primary 
nuclei can be determined with much greater precision, and that it 
is in fact possible to determine separately the flux for each element 
in the primary beam. Such a detailed analysis has not been carried 
out as yet. Nevertheless the charge determinations given by 
Bradt et al . [1950a, b] permit one to distinguish some of the 
fiuuer features in the charge spectrum. 

Fig. 12 gives a histogram of 422 heavy primary particles (Z ^ 6) 
observed under 15 gm.cm~ 2 of atmosphere. Results obtained at 
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Fig. 12 - Charge spectrum of primary nuclei {Z > 6) observed under 
15 gm.cm -8 of atmosphere at X = 55° and 30°. The charge determinations 
were based on the <5-ray density of the tracks. 
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geomagnetic latitudes % = 55° and A = 30° have been combined, 
since within the accuracy of the charge measurements the relative 
intensity of all elements seemed to be identical. The charge values 
represented in this histogram were obtained by <5-ray counting. 
Fig. 13 shows a similar charge spectrum of particles observed at 

ORAM DENSITY DISTRIBUTION OF PRIMARY NUCLEI 
AT GCOMAONETH LATITUDE A* 30* 

PLATES EXPOSED BELOW BO Wt/CM* OP RESDUAL 
ATMOSPHERE 

NUMBER 
OP 

TRACKS 


Pig. 13 - Charge spectrum of primary nuclei Z > 2 observed at geomagnetic 
latitude A «= 30°. The charge determination was based on the grain density 
of tracks in emulsions of low sensitivity. 

A =30° under 20 gm.om -2 of residual atmosphere. Here the analysis 
has been extended to include particles of charge 3 < Z ^ 5 and 
the charge values were obtained by grain counting in under¬ 
developed emulsions as described in § 1. 2. This technique results 
in a higher dispersion for elements of atomic number below silicon. 
The black and shaded areas in the histogram represent the result 
of a systematic survey including all particles traversing a given 
plate in the stack; the shaded area represents nuclei identified as 
fragments from heavier nuclei which have undergone collisions in 
the stack before they reached the particular plate in which the 
survey was carried out. The open square represents additional 
particles observed in a less systematic manner. 

Both spectra show that at least up to silicon the distribution of 
elements is not a smoothly varying function of atomic number 
and that elements of even charge are more abundant than their 
immediate neighbours of odd charge. They both terminate abruptly 
at elements of charge 26—28. No nuoleus heavier than iron, cobalt 
or niokel has been identified among nearly one thousand particles 
whose charge has been measured. However a few nuclei of higher 
charge have been reported by other authors (Frbier el al [1948]; 
Sorensen [1949]; Fong [1950]). 
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The elements carbon and oxygen are definitely present in very 
nearly equal abundance and represent the strongest component 
next to hydrogen and helium. The occurrence of neon, magnesium, 
silicon and iron seems also well established. They appear in 
comparable numbers. The nuclei between silicon and iron cannot 
as yet be identified. In the measurements represented in Fig. 13 a 
primary nucleus had on the average to traverse 15 gm.cm -2 of 
glass in addition to 20 gm.cm -2 of air in order to reach the plate 
in which the survey was made. This affects the spectrum in two 
ways: 

(a) A smaller proportion of the very heavy nuclei will be observed 
because their cross-sections for destruction by nuclear collisions 
are greater than that of the carbon oxygen group. This effect 
is largely compensated for if one includes the open squares 
of the less systematic survey. 

The elements carbon and oxygen are therefore each approxi¬ 
mately eight times as abundant as the elements neon, mag¬ 
nesium, silicon and iron. 

(b) Particles will appear among the lighter elements which are 
fragments of heavier nuclei partially destroyed in the upper 
atmosphere. Since the particles had to traverse approximately 
equal amounts of air and glass, this contribution will for each 
element "be approximately equal to the shaded area which 
represents fragments produced in the glass. 

The effect on particles of charge Z > 10 will be negligible, 
beoause very heavy collision fragments are rare, and because the 
number of nuclei large enough to produce such heavy splinters 
is small. 

The correction is small for carbon and oxygen beoause of their 
relatively large abundance. On the other hand the lithium, beryllium 
and boron nuclei must almost all be attributed to collisions in the 
air. This is indicated by the fact that in Fig. 13 the black and 
shaded areas are nearly equal. Not only do such nuclei arise with 
large probability as splinters in nuclear collision but also, being 
lighter than carbon and oxygen, they can arise from the most 
abundant component of the heavy nuolei. We must conclude from 
Fig. 13 that their flux at the top of the atmosphere at A = 30° is 
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either zero or at most 10 % of the flux of carbon and oxygen 
nuclei \ 

Insufficient resolution makes it as yet uncertain whether nitrogen 
and fluorine occur in the primary beam; they may be hidden in 
the tail of the strong carbon and oxygen peaks.Oxygen collisions 
in the upper atmosphere could be responsible for most of those 
nitrogen nuclei which because of exceptionally long track length 
could definitely be identified. The abundance of nitrogen and 
fluorine could however, hardly be greater than one third of the 
carbon or oxygen abundance. 

4. 2 Comparison of the cosmic abundance of elements with their 
abundance in primary cosmic rays 

Present knowledge about the relative abundance of chemical 
elements in the universe is based on the study of the spectra of 
stars and planetary nebulae, on the absorption of light in inter¬ 
stellar space and on the chemical analysis of meteorites, the earth’s 
atmosphere and its crust. There is a remarkable similarity between 
the relative abundances of non-volatile elements in meteorites 
and in the solar atmosphere, as well as between abundances of 
elements obtained from the spectrum of the sun and that of other 
astronomically unrelated stars and planetary nebulae. Although 
the composition of the interior of stars and of the vast amounts 
of finely divided matter between stars is still largely unknown, the 
observed similarities in the results derived by different methods 
and from different sources suggest a more or less uniform chemical 
composition of the universe and have led several authors to compile 
cosmic abundance tables. 

For our comparison we shall use the values given by Brown 
[1949], who discusses the assumptions underlying the construction 

1 Dainton et al. recently reported a large flux of primary lithium, 
beryllium and boron nuclei at geomagnetic latitude A = 54°. They concluded 
that some of the particles whose observed <5-ray density corresponded to a 
specific ionization larger than nine times minimum showed too small a 
Coulomb scattering to be attributed to slow doubly charged particles and 
some of the particles whose ionization exceeded thirty-six times minimum 
too large a scattering to be attributed to fast carbon nuclei. Although these 
measurements were made at a different latitude than those of Bradt et at. 
it nevertheless seems that the different techniques used by the two groups 
of authors lead to contradictory results. 
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of his table of cosmio abundances and the uncertainties involved 
in estimating the abundance of various elements. We shall compare 
these abundances with the composition of the primary cosmic ray 
beam in the velocity interval corresponding to 0.3 to 10 BeV/ 
nucleon. As shown in § 3. 4 the composition stays reasonably 
constant in this interval which contains the bulk of the primary 
radiation. It is perhaps more natural for the purpose of this com¬ 
parison to use the composition of the primary beam in a given 
velocity interval rather than the composition incident at a given 
magnetic latitude. 

Table 6 lists the most abundant elements in the universe as well 
as the corresponding abundances of these elements in the cosmio 
radiation. The cosmic ray values for the relative flux of hydrogen, 
helium, carbon and oxygen are known with about 25 % accuracy. 
The values for neon, magnesium, silicon and the group around 
iron are probably correct within a factor of two as are most of the 
values for cosmic abundances. 

TABLE 6 


Abundance in universe according to H. Brown 


Z Element 

atoms per 10 5 
atoms of hydr. 

abundance in 
cosmic radiation 

1 Hydrogen. 

100,000 

100,000 

2 Helium. 

10,000 

10,000 

8 Oxygen. 


260 ) 

7 Nitrogen. 

46 [ 132 

? [ 620 

6 Carbon.. 

23 ) 

200 ) 

10 Neon. 

' 2.6-70 

30 

26 Iron. 

5 

30 

14 Silicon. 

2.9 

30 

12 Magnesium. 

2.6 

40 

All other elements Z < 30. 

2.7 

30 

All dements 30 < Z < 92. 

4 X 10- 8 

< 1 


The relative abundances of elements in the universe and in 
primary cosmic radiation are surprisingly si milar . Except for 
nitrogen whose intensity in the cosmic ray beam is as yet unknown, 
abundant elements in cosmic rays are the elements of the highest 
abundance in the universe. The hydrogen to helium ratio, the 
carbon to oxygen ratio and the ratios between the most abundant 
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elements of 10 < Z < 26 are the same within the experimental 
error. Compared to helium, the CNO group, as well as the group 
of elements of charge 10 < Z < 26, seem somewhat stronger in 
cosmic rays than in the universe. While the iron-nickel group is 
strong, elements of charge Z > 30 are extremely rare in both 
columns of Table 6. 

A satisfactory theory of the origin of cosmic rays will have to 
account for this similarity of composition as well as for the similarity 
of the velocity spectrum of different nuclear species, discussed in 
§ 3. It may therefore be useful to consider whether some informa¬ 
tion on the origin can be derived from our present knowledge of 
primary cosmic radiation. Because our knowledge of primary 
radiation is still incomplete, such a discussion will necessarily 
have to be preliminary and tentative. 

6. The composition op primary cosmic radiation and the 

PROBLEM OP ITS ORIGIN 

The chemical composition of the primary radiation as it enters 
the earth’s atmosphere will not necessarily be identical with the 
chemical composition which prevails in the region in which it 
originates. 

The process in which the atoms are accelerated may favour 
some components with respect to others and therefore result in a 
beam whose composition is quite different from the composition 
of the source region. A further modification may occur between 
the time the particles are accelerated and the time when they 
arrive at the atmosphere. Such a modification would occur if the 
accelerated particles had to traverse appreciable amounts of 
matter during their journey through space and therefore suffered 
nuclear collisions resulting in partial or complete breakup. The 
similarity between universe abundances and the chemical composi¬ 
tion of the radiation hitting the earth is therefore not trivial and 
could be accidental. 

We shall first consider the question whether the chemical com¬ 
position of the primary radiation as observed on earth is similar 
to the composition of the beam which was accelerated at the source 
or whether it has been modified by nuclear collisions in the inter¬ 
stellar medium. If an energetic heavy nucleus collides with a 
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proton in the interstellar gas it will disintegrate into protons, 
neutrons, a-particles and heavier fragments and most of these 
disintegration products will proceed with nearly undiminished 
velocity. The collision products (including the neutrons which 
decay into protons) will therefore themselves become components 
of the primary radiation as observed on earth. We may inquire 
whether the chemical composition of the primary radiation con¬ 
tains any evidence for such breakup products. 

Let us assume that particles of various atomic numbers are 
continuously being injected by some source in the galaxy and 
that they are retained in the galaxy by suitable magnetic fields 
until they are destroyed by nuclear collisions with interstellar 
hydrogen. The heavier nuclei will eventually be disintegrated by 
successive collisions into protons which will then be removed from 
the cosmic ray beam by inelastic collisions. If this picture is correct 
the composition of the primary radiation will reach some equi¬ 
librium and will consist of a mixture of the elements which are 
injected and of their collision products. The observed composition 
permits us to calculate the rate of production of each element at 
the source if we know its cross-section for collision with protons 
and the type of fragments which result from such a collision. 

Since the cross section and fragmentation of nuclei colliding 
with fast protons is known from the study of stars in photographic 
plates we can attempt to calculate the rate of production at the 
source. The equilibrium condition requires that 


(13) 




Ni , v Ni 

^ + 2 Vn — • 

T i i>i r 1 


Here N t are the number of nuclei of element “i” in the primary 
beam. 

F t is their number injected per unit time. 
r { is their average life-time in the proton gas. 

Pij is the probability that the collision between a proton and 
a nucleus of element “j” will lead to a fragment of element 


The summation is carried out oyer all nuclei heavier than element 
“i” (j > i). Since the lifetimes r t are inversely proportional to the 
collision cross-sections a { , the equation can be written 


i>i 
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and 

(14) 


NiOi—2 pvNjOj 
±i j>l 


Fit Nje Ok — 2 ptfNjOj' 
i>h 


All quantities on the left are known from the measurements of the 
primary flux or can be estimated from the production of stars by 
fast protons and an analysis of their fragments. 

Such a calculation made by Bradt et al. [1950a, c] shows that 
a reasonable fit with the observed abundance of elements in the 
primary beam is obtained only if nuclei of the CNO group and 
of the group Z ^ 10 are accelerated at the source in the ratio of 
about 2 : 1 and that the rate of injection (F) is zero or very small 
for all other nuclei. In particular most of the protons and a-particles 
in the primary beam should be fragments from heavier nuclei. 

But even if we neglect the contribution of fragments from heavy 
nuclei to the observed proton component, the ratio of the number 
of protons injected at the source to the number of injected nuclei of 
charge Z ^ 10 cannot be very large; it must be smaller than their 
ratio in the observed beam multiplied by the ratio of their collision 
cross sections. 

If we assume that the collisions in interstellar space are mostly 
collisions with hydrogen, the collision cross-section for nuclei of 
charge Z ^ 10 is nearly equal to the geometric area or approx¬ 
imately o A = 7 x 10 -25 cm 2 . The cross-section corresponding to 
the elimination of protons from the primary cosmic ray beam is 
smaller than the total collision cross-section, because only those 
collisions are effective in which both nucleons emerge with greatly 
reduced energy. We shall assume a v <2 x 10“ 2 * cm 2 . 

According to § 3. 5 the ratio of protons to nuclei of charge 
Z > 10 in the primary radiation is N r IN A — The ratio of 
protons to heavy nuclei injected at the source should therefore be 


Fy <■ 

F a ^ N A -o A 


fis 18. 


Therefore if collisions play an important part in tho history of the 
primary particles, we must devise an accelerating mechanism 
which strongly favours the acceleration of heavy particles and 
injects very few of the light nuclei in spite of their overwhelming 
abundance in the universe. 



236 


PRIMARY COSMIC RADIATION 


A similar calculation shows that the number of lithium, beryllium 
and boron nuclei produced in interstellar collisions with hydrogen 
or with heavier atoms would be so large that even if none were 
accelerated afrthe source, they should be approximately as abundant 
in the primary beam as the carbon, nitrogen, oxygen group. 
Because of their extremely low cosmic abundance, a lithium, 
beryllium and boron component in the primary beam would almost 
certainly have to be attributed to collisions in interstellar space. 

Thus a large primary flux of nuclei of charge 3 < Z < 6 would 
indicate: 

(a) that we are on earth observing a mixture of particles accelerated 
at the source and their fragments produced in interstellar 
space, 

(b) that the accelerating mechanism at the source is strongly 
selective in favouring the acceleration of heavy elements 
compared to the much more abundant hydrogen and helium 
nuclei, 

(c) and that the close agreement between the cosmic abundance 
of elements and their relative number in the cosmic ray beam 
impinging on the atmosphere is largely accidental. 

On the other hand, if, as indicated by the measurements of 
Bradt et al. 9 Li, Be and B nuclei are either absent or very rare in 
cosmic radiation, one may conclude that the chemical composition 
of the primary radiation has not been appreciably modified since 
it left the source and that the composition of the cosmic ray beam 
reflects the chemical composition of the source region 2 . 

If we can be sure that the primary particles observed at the top 
of the atmosphere are particles originally accelerated at the source 
and not collision fragments of heavier nuclei, the abundance of 
the noble gases, particularly of neon and argon becomes of great 
interest. Their cosmic abundance as derived from spectra is very 
uncertain. In Brown’s table the abundance of these elements was 
obtained by extrapolation from the abundance of neighbouring 
nuclei. Their appearance in the cosmic ray beam may confirm the 

2 See however footnote page 41. In view of the existing discrepancy in 
experimental results no decision between these two possibilities can at 
present be made. 
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validity of this extrapolation. Ionized neon and argon have been 
observed in some stars and in planetary nebulae but have not been 
found in the sun or in solar flares. The question of the abundance 
of these elements in the primary beam is therefore of great signi¬ 
ficance in discussing the origin of cosmic rays. 

Next we may attempt to use our information on the composition 
and energy spectrum of cosmic ray nuclei to obtain some information 
about the mechanism by which they were accelerated. 

In § 3. 4 it is shown that nuclei of atomic weight between 40 and 
60 with total kinetic energies of at least 10 11 —10 12 eV form a 
measurable part of cosmic radiation. The acceleration process 
must therefore be of such a nature as to be capable of imparting 
to a complex and relatively loosely bound nuclear structure an 
energy which is very large compared to the binding energy of its 
constituent parts; This makes it almost certain that the particles 
do not derive their energy from some catastrophic nuclear event. 
The suggestion that cosmic ray particles obtain their energy from 
spontaneous annihilation of atoms in interstellar space (Millikan 
et al. [1942]) or from the annihilation of matter and antimatter 
(Klein [1944]) could not easily be reconciled with the observation 
of complex nuclei of high energy. 

An entirely different accelerating mechanism has been suggested 
by Fermi [1949]. In his theory the particles derive their energy 
from the kinetic energy of interstellar matter by colliding with the 
magnetic fields assumed to be attached to highly ionized gaseous 
clouds travelling in our galaxy. As Fermi points out, this mechanism 
is not capable of accelerating heavy nuclei unless they have 
already obtained very large energies by some different acceleration 
process. For instance the energy of an iron nucleus has to exceed 
3 x 10 u eV before it can be further accelerated by such a process. 
Such an accelerating mechanism discriminates therefore very 
strongly against nuclei heavier than protons, and seems to be 
hard to reconcile with the observed composition of the primary 
beam. 

An electrostatic or electromagnetic accelerating mechanism 
seems preferable since it does not discriminate so strongly against 
heavier elements. If we assume such a mechanism we note first 
of all that the relative number of particles of different elements 
entering the accelerating process is proportional to the relative 
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number of ions and not to the relative number of atoms in the 
source region. Unless the source region is very hot or very rarefied 
the ratio of ions to neutral atoms will depend in an extremely 
sensitive way on the ionization potential of a particular element 
and we might expect that elements whose ionization potential is 
low will be prominent in the cosmic radiation, while those with 
high ionization potential, particularly the noble gases should be 
negligible by comparison. From Table -6 we see that this is not the 
case. The elements helium, oxygen, magnesium and neon for 
example occur in ratios comparable with their cosmic abundance 
ratio, although their ionization potentials range from 7.6 eV for 
magnesium to 21.6 eV for neon and 24.5 eV for helium. The 
chemical composition of primary radiation therefore suggests that 
all atoms, even those of -noble gases, are ionized in the source 
region, or that noble gases are not originally accelerated ionized 
but produced later as fragments from accelerated nuclei suffering 
collisions in interstellar matter. If the latter alternative were 
correct we should, however, also observe nuclei of lithium, beryllium 
and boron as pointed out earlier in this section. 

Apart from the fact that only ionized atoms can enter the 
accelerating process we would expect that an electrostatic or 
electromagnetic accelerating process should favour protons over 
heavier ions because of their higher charge to mass ratio. 

On the other hand the charge to mass ratio of all particles 
heavier than protons is very nearly the same once they are com¬ 
pletely stripped of electrons. If the main part of the accelerating 
process occurs after this stripping has taken place, the velocity 
spectrum of all nuclei from helium to iron should be identical. As 
shown in Fig. 11a single velocity spectrum for the heavy com¬ 
ponent is indicated by the measurements available at present. 

It would be very important to know whether this equality of the 
velocity spectra holds accurately for all heavy nuclei in all energy 
ranges. Let us assume for instance that, as in the process suggested 
by Fermi, the acceleration takes place in our galaxy over very long 
periods until the particle finally suffers a nuclear collision in the 
interstellar material. In this case, because of their larger collision 
cross-section, very large nuclei would spend less time in the 
accelerating process and fewer should reach very high energies. The 
velocity spectrum would therefore, as pointed out by Fermi, fall 
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off faster for heavy than for lighter nuclei. If this is not the case 
we have to assume that the acceleration takes place in a much 
shorter time. 

Let us now assume an electromagnetic accelerating process 
which produces cosmic ray particles in a time short compared to 
the time between nuclear collisions in interstellar matter. Such a 
process would produce the same velocity spectrum for all heavy 
nuclei provided the main part of the acceleration occurs after the 
particles have lost all their electrons and have achieved the same 
charge to mass ratio. The subsequent traversal of interstellar 
matter should not destroy the similarity of velocity spectra for 
particles of different mass, at least in the high energy region. This 
follows if we assume that the cross*section for nuclear collisions in 
interstellar matter is proportional to the geometric area of the 
nucleus and independent of its energy. Elimination of particles by 
nuclear collisions will therefore reduce the intensity of the large 
nuclei compared to the lighter ones without affecting the shape of 
the spectrum. The energy loss due to ionization produced in inter¬ 
stellar matter should only affect the similarity of the spectra in the 
non-relativistic region, because the amount of energy loss which 
a nucleon can suffer before undergoing nuclear collisions is relatively 
small. If we assume a specific ionization loss of 4.7 Z 2 MeV gm.cm” 2 
in interstellar hydrogen gas for a relativistic particle of charge Z, 
and if we assume a cross-section or for collision with protons equal 
to the geometric area of the heavy nucleus, the energy loss by 
ionization per nucleon and per mean free path is given by 

de = „ 34.5 Z 1 '* MeV 

A nr^A" 

where M p is the proton mass and r 0 -- 1.5 x 10" 13 cm. Thus the 
energy per nucleon which a particle can lose by ionization before 
it is destroyed by a collision with protons in the interstellar gas is a 
slowly varying function of Z and is even for nuclei as heavy as 
iron only of the order of 100 MeV. The traversal of interstellar gas 
should therefore not destroy any initial similarity of the velocity 
spectrum for nuclei of different mass if their energy exceeds about 
1 BeV/nucleon. In the low energy region of the spectrum, however, 
the effect of an absorbing gas layer becomes important and since 
it depends on the nuclear charge, it may destroy an initial similarity. 
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Present data on the low energy part of the spectrum are not yet 
accurate enough to permit such an analysis, A more detailed study 
of the intensity and energy spectrum of each of the elements 
represented in the cosmic ray beam, in particular the spectrum 
at low energies, seems necessary to provide further guidance for 
the development of a satisfactory theory of the origin of cosmic 
rays. 
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INTRODUCTION 


Since the early experiments in the period of 1927 to 1932, 
definitely establishing the first evidence that at least part of the 
primary cosmic radiation consisted of electrically charged particles, 
more and more evidence has been accumulated which strongly 
suggests that nearly all, if not all, of the primary energy is brought 
in by charged particles. Not only are they electrically charged but 
there is strong evidence that the primary particles carry only a 
positive charge. The kinds and numbers of these primary particles 
is the subject discussed by Peters in this volume. Their energy 
distribution and some of their interactions with the atmosphere 
on which they impinge are the main subjects of this article. 

It so happens that approximately two-thirds of all the energy 
brought to the earth by cosmic rays is carried by particles that are 
measurably influenced by the magnetic field of the earth. Hence, 
by studying the various geomagnetic effects one might hope to 
determine some of the properties of the primary radiation and, in 
addition, find some of the gross behaviour of the radiation as it 
.reacts with the atmosphere through which it passes. 

Although, in a broad sense, most of the properties of cosmio ray 
interaction with the atmosphere change with latitude, i.e. change 
with the energy of the primary particles, we shall limit the present 
discussion to the over-all behaviour of the absorption processes. 
Since, in the north (or south) temperate latitudes, where most 
cosmic ray research is done, the magnetic field of the earth lets in 
nearly all of the primary particles, while at the equator the low 
energy particles are removed, the most fruitful location to study 
nuclear reactions initiated by cosmic ray particles is where the 
major part of the research is taking place at the present time. 

While the magnetic field of the earth acts, as a magnetic analyzer 
for the incoming charged partioles, its resolution is rather poor. 
This therefore places a severe burden on the instruments used, 
to attain the required information on the primary radiation. There 
is the added complication that cosmic rays show random secular 
variations with time, and while these are small at or near sea-level, 
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they are frequently troublesome when conclusions are to be drawn 
from precise measurements. Such fluctuations are much more 
pronounced at high altitudes and high latitudes. The study of 
these fluctuations, however, promises to be fruitful in the future in 
yielding information as to the origin of the particles themselves. 

Geomagnetic effects such as the east-west effect at the equator 
can be studied at one location and difficulties due to fluctuations, 
as mentioned above, can be minimized by the correct experimental 
procedure, but there is considerably more difficulty connected with 
finding a satisfactory latitude effect at high altitudes because of 
the distances involved. At least a partial solution to this problem 
has been met by using an airplane equipped to fly at high altitudes, 
as will be discussed later. 

1. An outline of the theory of geomagnetic effects 

We shall discuss in this section the main results which have 
been arrived at from calculations dealing with the behaviour of 
electrically charged particles moving in the magnetic field of the 
earth. 

Stormer [1930] was originally interested in the paths of charged 
particles in the earth’s magnetic field in connection with his studies 
of the aurora borealis. Later, Epstein [1931] and, particularly, 
Lemaitrb and Vallarta [1933, 1936a, b] and Yallarta [1935], 
added greatly to our understanding of the behaviour of charged 
particles in the field of a magnetic dipole. Eor a discussion more 
complete than here given the reader is referred to an article by 
Johnson [1938] and a recent book by Montgomery [1949]. 

1.1 The earth’s magnetic field 

For the main analysis of the effect of the earth’s magnetic field 
on the paths of charged particles, the field external to the earth 
is represented by a dipole, located at its centre, of magnetic moment 

8.1 x 10 26 gauss cm. A harmonic analysis of the local field at the 
surface of the earth at different latitudes and longitudes fixes the 
direction of the axis of this main dipole. The points where this axis 
emerges from the earth are called the geomagnetic poles and are 
located at 78.5° N, 69.0° W and 78.5° S, 111.0° E. The geomagnetic 
equator thus is tilted 11.5° with respect to the geographic equator 
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and crosses it at 159° W and 21° E. Geo magnetic latitude is com- 
puted from the geomagnetic equator as follows: Let A be the 
geographic latitude of the point in question, Q its geographic 
longitude, then, by spherical trigonometry, the geomagnetic 
latitude A is given by: 

sin A = cos 78.5° • cos {A — 69.0°) + sin 78.6° sin Q 

Tables giving A in terms of geographic position are given by MoNish 
[1936]. 

A detailed study of cosmic rays has indicated departures from 
the behaviour expected in the held of a symmetrically located 
dipole. Bartels and Chapman [1940,. p. 651] have made a more 
careful analysis and find that the field external to the earth can 
be best represented by a main dipole situated at 342 km from the 
centre of the earth and whose axis emerges from the earth at 
80.1° N, 82.7° W and at 76.3° S and 121.2° E. The most satisfactory 
treatment, however, for cosmic ray work is to treat the sym¬ 
metrical case and then determine corrections that need to be made 
for a given latitude and longitude. 

1.2 Application of Liouville’s theorem 

Important in the analysis of geomagnetic effects in cosmic rays 
is an application of Liouville’s theorem. This subject has been 
discussed by Lemaitre and Vallarta [1933] and by Swann 
[1933]. It is first assumed that cosmic rays come uniformly from 
all directions in space. The application of Liouville’s theorem then 
implies that for a given momentum the numbers of charged par¬ 
ticles crossing unit area per unit solid angle per second is the same 
in all accessible regions and directions whether the magnetic field 
is present or not. We shall see presently that at a given geo- 
magnetio latitude on the earth, certain regions of the sky are 
inaccessible to charged particles with less than a certain momentum. 
For locations and directions that are accessible for particles of this 
momentum, there will be the same intensity just above the atmos¬ 
phere as at great distances from the earth. 

1. 3 Units of energy and momentum 

Before discussing the application of the Stormer theory of 
allowed directions, to cosmic ray particles, something should be 
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mentioned concerning appropriate units. Since the curvature of a 
charged particle moving in a magnetic field is a measure of its 
momentum, Rossi [1940] has suggested that, for cos mi c ray 
phenomena, momentum be measured in terms of electron volts 
divided by the velocity of light. The unit of velocity is taken as 
the velocity of light. Thus, an electron with 1 BeV of energy has a 
momentum, p, of 1 BeV/c, since its rest mass energy is small 
compared with its total energy. Bor a particle of rest mass unit 
charge and momentum p , the energy of motion is 

(1) W = [(pc) 2 ml c 4 ] l/ » - m 0 c 2 . 

If the unit of pc is taken as 1 BeV, the energy of motion of a proton 
becomes 

(2) W - [(pc) 2 + 0.87] 1 /. - 0.93. 

If.the particle carries Z units of electric charge, then for the light 
elements, with the exception of hydrogen, a particle of atomic 
weight A has an energy of motion per nucleon given approximately, 

« j-G<sr 

in units BeV. The quantity p/Z is the momentum of the particle 
per unit charge measured in BeV/c. Particles with the same value 
of p/Z = ev/Zc thus have the same radius of curvature in the same 
magnetic field. 

1. 4 Application of Stormer’s theory 

The theory developed by Stormer gives the lowest momentum 
for which a given direction at a given latitude is accessible. From 
the application of Liouville’s theorem cited above, particles with 
momenta larger than this minimum can also come in at this 
latitude and direction. ; 

As an example, consider the situation at the geomagnetic equator. 
Here, the Stormer theory gives a value of 14.9 BeV/c for the 
m i ni mum momentum that a singly charged particle must have to 
come in at the zenith. AH particles with momenta less than this 
are excluded from the zenith. The boundary between excluded 
regions and allowed regions for 14.9 BeV/c particles at the equator 
is, in the simple Stormer theory, a vertical, north-south plane. 
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As the momentum of the incoming particle decreases, the zenith 
angle in the east-west plane which * divides , the allowed from the 
forbidden directions swings toward the west for positively charged 
particles until such particles are just cut out completely at the 
western horizon if their momenta are less than 10.1 BeV/c. 

For zenith angles z in the east-west plane at the geomagnetic 
equator, let z be positive for angles measured toward the east and 
negative for those measured toward the west. Then, for positive, 
singly-charged particles of momentum p = ev/c , directions are 
forbidden to those particles whose momentum is less than that 
given by the following expression: 

(4) s m s _2(5|- e )‘''-5H. 

For negatively charged particles, z is to be replaced by — z and the 
allowed directions are on the eastern side. 

As one proceeds north or south from the geomagnetic equator, 
the least allowable momentum at the zenith decreases. According 
to Stormer’s theory, the least permissible momentum a particle 
must have to come in vertically at latitude A is given by 

(5) p = 14.9 cos 4 A in BeV/c. 

Again, for particles with momenta greater than this, they arrive 
at the vertical with the same intensity as in outer space, while 
positive particles with a momentum equal to this are excluded 
for all zenith angles in the east-west plane from the vertical to the 
eastern horizon, but can come in with full intensity from the zenith 
to the western horizon. 

1. 5 Modifications to Stormer’s theory 

The above, very briefly, are some of the main conclusions arrived 
at by applying Stormer’s theory with the help of Liouville’s 
theorem, to the magnetic field of the earth. While it contains many 
of the essential features, Lemaitee and Vallarta [1936a, b] have 
shown that, when the problem is examined in more detail, there 
are directions excluded for certain partioles that the simple Stormer 
theory allows to enter. 

To an observer at a given location on the earth, the sky may 
be divided into the following regions, (a) the Stormer cone within 
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which no particles of a given momentum can enter, (b) the main 
cone within which all particles of the given momentum may enter, 
(c) the penumbra, lying between the Stormer and main cones, 
within which there are alternate bands of permitted and excluded 
regions, and (d) the shadow cone which is due to particles that 
intersect the earth. This latter region lies near the horizon toward 
the north or south pole and is of the most importance at large 
zenith angles. 

The region of the penumbra is very difficult to calculate. It is of 
most importance at the lower latitudes. At high latitudes the 
simple Stormer theory should apply. Also, in the east-west plane 
at the equator the main cone and the Stormer cone coincide so 
that here also the simple Stormer theory applies. 

Lemaitre and Vallarta [1936b] have calculated the effect of 
the penumbra and the shadow cone for various directions at the 
equator and their results are given in Figure 1. The lines plotted 
are the orthogonal projections of the boundaries to the cones of 
allowed directions for particles of given momenta. Thus, consider 
the line marked 14.9 BeV/c. It passes through the zenith and then 
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Fig. 1 - The orthogonal projections of the boundaries to the cones between. 
permitted and forbidden regions at the geomagnetic equator, for positively 
charged particles. The curves are drawn for given values of momentum 
measured in Stdrmer units, r 0 . The relation between this unit and momentum 
is given by, p — 59.6 r§ in BeV/c, for the case of the earth. 
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bends toward the west, crossing the zenith angle of 46° at 15° west 
of north (or south). Referring again to Liouville’s theorem we 
infer that, at the top of the atmosphere, a counter telescope pointed 
in the direction indicated by this line should count the same for 
all zenith angles. 

1. 6 Corrections for eccentricity of dipole 

There are two important corrections that need to be made to the 
results obtained by considering the magnetic field external to the 
earth as due to a dipole situated at its centre. Since the actual 
magnetic field of the earth can best be represented by a dipole 
situated about 340 km from the centre of the earth a first cor¬ 
rection must be made for the fact that the magnetic field varies 
along the magnetic equator. The effect of this eccentric dipole on 
cosmic ray phenomena was calculated first by Vallarta. We may 
find the approximate correction on the momentum of the particles 
involved as follows: the momentum required to reach the earth 
varies inversely with the square of the distance from the dipole. 
Hence, if a is the eccentricity of the dipole = 340/6370 = 0.053 rad., 
co the longitude of the meridian plane containing the axis of the 
dipole and the centre of the earth, then the correction to the 
momentum at longitude A along the geomagnetic equator is 
given by, 

(6) ^ = 2a cos {A - o>). 

The dipole is nearest the surface of the earth at co — 161.8° E and 
farthest away at 18.2° W. Thus, we might expect the cosmic ray 
intensity at a given depth in the atmosphere to vary along the 
geomagnetic equator, reaching a maximum at 18.2° W and a 
minimum at 161.8° E. The real field of the earth, however, reaches a 
minimum more nearly at 100° E and it is in this latter region that 
Millikan and Nkher [1935, 1936] found cosmic rays at sea level 
to be a minimum. The maximum of the cosmic ray intensity along 
the geomagnetic equator seems to ocour very close to 18° W. 

The second correction to the eccentric dipole, as pointed out 
by Nbhbr [1935] and Lbmaitrb [1937] is due to the fact that the 
meridian plane passing through the centre of the earth does not 
coincide with the plane passing through the dipole. The zenith 
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angle calculated for a given minimum momentum of incident 
particle from theory is measured from the line passing through the 
observer and the dipole. In terms of the quantities given in Eq. (6) 
above, the correction in momentum for angles measured from the 
vertical has been shown by Johnson [1938] to be given by 

(7) 4? =iaaw(A -co) 

for the vertical direction at the equator. Thus, the total correction 
for these two anomalies becomes 

(8) — = 2a [cos (A — co) + £ sin {A — co)]. 

In the region of 80° W geographic longitude, i.e., near the coast of 
Peru, (A — co) has a value of about 240°. Hence, here we would 
expect a correction to the minimum momentum at the vertical of 
about —8 %. Further, Eq. (8) has a maximum at (A — co) = 15°. 
Thus, the maximum and minimum occur on the geomagnetic 
equator at 16° farther west than one would expect from the simple 
effect of the distance from the dipole. The maximum change in 
the minimum momentum of particles at the vertical at the equator 
is, from Eq. (8) ±11 %. The result on cosmic rays of this change 
in momentum for changes in longitude at a given geomagnetic 
latitude gives rise to the so-called longitude effect. 

While the above gives very closely the correct result, a more 
careful analysis, considering the way the surface magnetic field of 
the earth changes, gives a slightly different result. Using available 
maps showing lines of equal horizontal intensity of the earth’s 
magnetic field near the coast of Peru we find that the effective 
angle between the vertical and the line to the dipole is 4° instead 
of the geometrical value of 3°. A more exact treatment by Vallarta 
[1935] of the effect of the distance to the dipole gives a value very 
close to that calculated above. The final result arrived at is, that 
at the vertical in Peru, charged particles are required to have a 
minimum momentum of 13.5 BeV/o. In southern India a similar 
study shows that the corresponding minimum is 17.0 BeV/o. These 
two values are of importance in the analysis that follows. 

For directions other than the vertical in Peru, 4° have been 
subtracted from all zenith angles and the corresponding values of 
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the minimum momentum calculated from Eq. (4). The results are 
shown in Fig. 2. They should give the expected behaviour of the 
charged particles since in the east-west plane at the equator there 
is no effect of the penumbra or of the shadow of the earth. Later 
we shall have occasion to use these results. 



Fig. 2 - The minimum permissible momentum for positively charged particles 
in the East-West plane at the geomagnetic equator as* a function of zenith 
angle. Corrections for eccentricity and tilt of the earth’s magnetic field 
have been made as they apply to longitude 80° W. 

1. 7 Definition of geomagnetic effects 

Since all known properties of cosmic rays change with altitude, 
experiments on geomagnetic effects must be carried out at a 
particular depth in the atmosphere to be meaningful. If # represents 
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the particular quantity under investigation, then we would usually 
like to know the coefficient defined as 


when all other variables are held constant. The quantity v will 
depend upon the particular geomagnetic effect under investigation. 
These are 5 in number, as pointed out by Johnson [1938]; namely 
(a) the latitude effect, (b) the longitude effect, (c) the zenith angle 
effect at a given azimuth, (d) the azimuth effect at a given zenith 
angle, and (e) the magnetic moment effect due to changes in the 
magnetic field. Thus, the coefficient /9, for the latitude effect of the 
radiation at the vertical becomes 





We shall limit the disoussion that follows to the first four effects. 
Changes due to variations in the magnetic moment of the earth are 
entangled with those due to different kinds of magnetic storm effects 
and will not be discussed here. 

Frequently, however, our interest lies in the total relative 
change in the particular effect under investigation. Thus, for the 
latitude effect we usually take the relative change between a hi gh 
latitude, where no further change occurs as one goes closer to the 
pole, and the equator. For the zenith angle, or east-west effect, 
we shall follow Johnson [1935] and take the difference between 
the westerly and easterly directions at the same zenith angle and 
divide by the average of the east and west values to arrive at a 
measure. 


2. Cosmic bays in the atmosphere 


2.1 Units of cosmic ray intensity 

In the atmosphere we shall denote by j the number of charged 
particles per unit solid angle per second crossing unit area per¬ 
pendicular to their direction of motion. Near sea level at latitudes 
greater than 45° one finds experimentally the following approximate 
dependence on zenith angle z, 

(9) j — j ± cos 2 .z 

where j x is the intensity in the vertical direction. 
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The total number of charged particles crossing a unit horizontal 
area per unit time will then be 

(10) J = J j cos z d (o 

where the integral is extended over the upper half sphere. The total 
flux of charged particles across a sphere of unit area will be 

( 11 ) Jo-Udco. 

Above the atmosphere where the incoming particles have 
suffered almost their complete bending by the earth’s magnetic 
field but where they have not yet had a chance to react with the 
atmosphere, there are quantities similar to the above. We shall 
designate these by the superscript °. Thus, the unidirectional 
primary intensity will be designated by j° and the total number of 
charged particles crossing a unit horizontal area in unit time will 
then be 

(12) J° = J j° cos zda>. 

j° will depend, especially near the equator, on the zenith angle z 
and azimuth angle <f>. 

The numerical values of j, J, and J 0 at sea-level as determined 
with cosmic-ray telescopes with and without lead absorber between 
the counters are given in Table 1 as quoted by Rossi [1948]. 

TABLE I 


Values of the vertical intensity, jx, the flux through a unit horizontal area, 
J, and the fhtx across unit sphere, J 0 , for sea level 


No Absorber 

15 cm lead 

Units 

Observer 

1.14 X 10-* 

0.83 X 10-* 

cm^sec^sterad" 1 

Gbbisbn [1942] 

1.79 X I0-* 

1.27 X 10-» 

cm“ 2 sec~ 1 

Quoted by Rossi [1948] 

2.41 X 10-* 

1.68 X 10- ! 

cm“ a seo , “ 1 



2.2 Relation of intensity in the atmosphere to that above the 
atmosphere 

Present evidence indicates that the particles that are inoident 
on the top of the atmosphere which give rise to cosmic ray pheno¬ 
mena are atomic nuclei of very high energies. For every particle 
incident, a whole progeny of other particles aris'e. If directions 
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were preserved, the intensity measured by a cosmic ray telescope 
■would indicate m times as many particles in a given direction and 
position in the atmosphere as were incident on top in the same 
direction, provided the density of the particles from a single primary 
was such that the chance of two or more of its secondaries passing 
through the telescope was small. The quantity m would be the 
overall multiplicity which, for an extended shower, might run 
into thousands lower in the atmosphere. 

The evidence is that directions for the more penetrating progeny 
are preserved quite well. The same applies to a lesser degree to the 
more absorbable part. Later we' shall compute the numbers of 
primary particles, and since we know the counting rate of telescopes 
throughout the atmosphere, we shall have a means of calculating 
the overall multiplicity, m. 

2. 3 Are there any primary electrons in cosmic rays ? 

In the analysis that follows in § 5, it is assumed that those primary 
particles which cause cosmic ray phenomena are all positively 
charged. Experiments by Hulsizer [1949] on bursts indicate that 
at 51° N an upper limit to the number of electrons compared with 
the total primary particles is 6 %. Critohiteld, Ney and 
Oleksa [1950], using cloud chambers at 90,000 to 100,000 feet, 
find that not more than 0.2 % of the primaries at 55° N can be 
electrons. We shall then feel justified in assuming that no electrons 
are contained in the primary cosmic rays, and since we know of 
no stable negatively charged particles other than electrons, we 
shall assume also the complete absence of negatively charged 
particles. 

2.4 Correlation between measurements taken with fanigatfan 
chambers and counter telescopes 

If the total number of particles crossing a sphere of unit area 
is known at any place in the atmosphere and the ionization, 7, 
within that sphere is Measured when it contains, say, one atmos¬ 
phere of air, then the specific ionization or the average number 
of ion pairs formed per unit length is given by 



This assumes no effect of the walls. In the case of sea level measure- 
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ments, we may take the value of J 0 = 1.68 x 10 -2 particles 
cm -2 sec -1 from Table 1 as measured through 15 cm. of lead. For 
the ionization, at sea level we may take the value given by M tttttt a~n t 
and Neher [1936] of I = 1.75 ion pairs cm-® sec- 1 atm -1 of air 
under an average of 11 cm. of lead. If we decrease this by 3.5 % to 
arrive at the value that would have been obtained for an added 
4 cm. of lead, we find a value of 

- 1 69 

0 = 53108 = 100 ion P airs P er cm of path. 

This value of specific ionization is somewhat greater than that 
found by counting individual ions along traoks obtained in cloud 
chambers. However, it is known that the ions which are readily 
counted do not represent the full energy loss of the ionizing particle. 
A considerable fraction of the energy of the particle goes into the 
formation of 6-rays which may form blobs in a cloud chamber, 
and the number of ions formed in such a region is very diffic ult 
to ascertain. Assuming an average energy loss of 32 eV per ion 
pair, the above value of 100 ion pairs cm -1 in air at normal pressure 
and temperature would give a total loss in one atmosphere of 
2.6 BeV. 

If we try to find a similar value for the case of no lead shield 
at sea level we may take the value of Millikan and Nbhbr [1936] 
of I — 2.88 ions cm -3 sec -1 atm -1 of air. This, however, is undoubt¬ 
edly high duo to the transition effect from air to iron, since the 
wall of the ionization chamber had an average wall thiokness of 
about 8 mm. of steel. It is estimated that the increase due to this 
amount of steel at sea level is approximately 5 %. We find, then, 
for the average specific ionization for all particles at sea level, 
using the value of J 0 with no absorber, from Table 1, 

a = O024l = 114 

ion pairs per cm. of path in air at normal pressure and temperature. 

If we apply this same principle to the determination of the 
specific ionization at a height in the atmosphere corresponding 
to 310 gm cm -2 , we may take the data of Bowen, Millikan and 
Nbhbr [1938] of 92 ion pairs cm -2 seo -1 atm -1 of air taken with a 
thin wall (0.5 mm. of steel) ionization chamber at 51° N and 
compare it with counter telescope data and the zenith angle 
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dependence found by Biehl, Neher and Roesoh [1949]. I ho 
vertical intensity was measured as 0.240 particles cm 2 hoc 
sterad -1 , while the zenith angle dependence was found to bo 

j = j x cos 1 * 7 z 

at this altitude and latitude. We find the total flux through a sphere 
of unit area at this altitude to be 

J 0 = 2.32 j x = 0.558 par. cm " 2 sec" 1 . 

Hence, the average specific ionization per particle at 50° N and at 
30,000 feet will be 

a = = 105 ion pairs cm " 1 atm " 1 of air. 

0.558 

A similar computation based on data from the same two papers 
above gives for the average specific ionization at the equator 
a = 146 ions cm -1 per atmosphere of air at 310 gin cm ~ 2 air 
pressure l . 

For the case of lead absorber at 30,000 feet, Bibhl, Nkiibb ami 
B.OESOH [1949] took zenith angle data with 10.4 cm. of lend with 
a counter telescope at 48° N and at the equator. (Data at this 
latter place unpublished.) A zenith angle dependence in the former 
case close to cos 1 ' s z was found, and in the latter, very close to 
cos z in the direction of constant momentum. On later flights from 
64° N to the equator Bibhl and Nehbr took data with an ionization 
chamber shielded with 11 cm of lead at the same altitude. (Data 
from 40° to 64° N published, [1950]). The ionization found at 51° N 
was 30.5 ions cm -3 sec -1 atm " 1 of air, while at the equator this 
had dropped to 16.2. Thus, the latitude effect without lead absorber, 
at 30,000 feet, in the total ionization is 36.1 %, while with the 
11 cm. of lead it is 47 %. 

The results of these data reduced to the same thickness of lead 
(2 % per cm. of lead with the counter telescopes) are collected 
in Table 2 . 

The values given in Table 2 for no lead absorber calculated 
from data taken with thin-walled ionization chambers and (Joiger 

1 This increase of the ionization of the particles With altitude was first 
called to the attention of the author by J. A. van Allen in a private com¬ 
munication. 
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TABLE 2 


Values of specific ionization at 51° N cmd at the equator without and with 

lead shield 



30,000 ft. 

Sea Level 


50° N 

Equator 

41° N 

No lead. 

165 

146 

114 

11 cm lead. 

157 

117 

100 


counters probably give a relatively true measure of the io niza tion 
along the paths of the particles. For the case of lead absorber, 
there will be many and varied kinds of reactions with the lead 
around the ionization chamber, giving rise to showers, stars and 
other nuclear reactions which do not affect the counter telescope. 
From the work of Simpson, Uretz [1949] and others, it is known 
that such nuclear events have a much larger latitude effect than 
the total radiation. The evidence from Table 2 is that, at the 
equator at 30,000 ft., the radiation that can penetrate 11 cm. of 
lead is similar to that found at sea level. 

We may find the average effective specific ionization throughout 
the atmosphere by con-elating the readings of a thin-walled ioniz¬ 
ation chamber with a counter telescope, both covering all depths 
in the atmosphere and data taken at the same latitude. As dis¬ 
cussed by Nbhkr and Pickering [1942], the area under the vertical 
coincidence counter curves is proportional to the vertical energy 
incident at the top of the atmosphere, provided the following 
assumptions are made: (a) secondaries produced along the path of 
the incidont particle do not diverge appreciably from the direction 
of the primary; (b) the passage of several secondaries, from the 
same event, through the counters simultaneously is a relatively 
rare event; (c) the contribution to the observed counting rate of 
showers, arising from primaries making a large angle with the 
vertical, can be neglected. If the radiation is isotopic at the top 
of the atmosphere, the total energy may be obtained by multiplying 
the energy por cm 2 per sec per storadian by the factor n. 

The proportionality constant connecting the energy dissipated in 
the atmosphere in the form of ions, as measured with an ionization 
chamber, and the aroa under the telescope curve, is the average 
specific ionization of the charged particles. Hence, if h is the depth 






260 


GEOMAGNETIC) EFFECTS 


in the atmosphere, we may, for isotropic radiation at the top of 
the atmosphere, write 

, }l(h)dh 

1 00 

“ ILWdh 

00 

where 1(h) is the ionization at a depth h in the atmosphere and 
j^(h) is the vertical intensity at a depth h in the atmosphere. 

Using the areas under the ionization curves as given by Bowen, 
Mt ll tk a n and Nehee [1938], and the areas under counter curves 
as given by Nehee and Piokeking [1942], and by Biehl, Nehee 
and Roesoh [1949], we arrive at the values given in Table 3 for 
the average specific ionization throughout the atmosphere at the 
locations given. 


TABLE 3 


Location 

Mag. Lat. 

Area Under 
Counter Teles¬ 
cope Curve 

Area Under 
Ionization 
Curve 

a 

Saskatoon. 

60° N 

162 

9.10 X 10* 

180 

Omaha. 

61° N 

167 

8.73 

177 

San Antonio. 

38° N 

139 

7.08 

162 

Peru. 

0° 

103 

4.8 *t 

160 

Bangalore. 

3° N 

91 

4.1 f 

143 


Units of counter telescope area are (particles cm _a sec“ 1 sterad“ 1 ). (gm.cm" 8 ). 
Units of ionization area are (ions cm“ 3 sec _1 (atm of air)- 1 ).(gm.cm~ 2 ). 
Units of a are ions cm” 1 (atm of air)- 1 . 


* This value was obtained by knowing the ionization at 30,000 feet in 
Peru, and then multiplying all ordinates of the Madras-Bangalore ionization 
curve by a constant factor to obtain a'fit. 

t These two values have been increased by 7 % each to allow for the 
different effective energy range of primaries covered, compared with counter 
telescopes. Johnson [1938] has discussed the corrections that must be 
applied to ionization curves to find the effective minimum momentum of the 
primary particles that would be comparable with counter telescopes at the 
same latitude. Assuming a reasonable energy distribution of the primary 
particles, and weighting them according to the solid angles given in , Fig. 1, 
Johnson finds that the effective vertical minimum momentum at the equator 
should be increased by 2 BeV/c from the vertical value. From Fig. 32, this 
corresponds to a change in total energy of about 7 %. 
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Values of <7 against minimum momentum of the primary particles 
are plotted in Fig. 3. The evidence is that, as the energy of the 
primary increases, the average ionization of the resultant charged 
particles decreases. It is possible that, for the highest energy 
primaries, the average value of the ionization of their progeny 
throughout the atmosphere would approach the sea level value. 



Fig. 3 - The average specific ionization for charged particles throughout the 
atmosphere as a function of the minimum momentum of the incident particles 

The values of a given in Fig. 3, should perhaps be regarded more 
as a quantity connecting the readings of ionization chambers and 
counters, rather than as a true measure of specific ionization along 
the paths of the particles. Two effects at least will tend to make 
this quantity larger than otherwise; (a) stars and small showers 
will add to the ionization more than to the counter telescope; (b) 
scattering will decrease the rates recorded by the vertically 
directed telescopes bolow what they otherwise would be. 

It should he pointed out that, because of this change of specific 
ionization with energy of the primary, a Gross transformation 
of ionization curves at different latitudes will not give the true 
relative behaviour of counter telescopes at these latitudes. 




262 


GEOMAGNETIC EFPECTS 


3. Data on geomagnetic effects 

3.1 Introduction 

The main analysis which follows depends primarily on the 
results of Biehl, Neher and Roesch [1949] obtained on an 
airplane flight at an air pressure of 310 gm cm- 2 from 64° geo¬ 
magnetic north to the geomagnetic equator along longitude 80° W. 
This trip covered the times given in Table 4. 


TABLE 4 


Flight 

No. 

Route 

Time 

4 

Inyokern-Chicago. 

May 26, 1948 0334-1004* 

5 

Chicago-54 0 N-Tampa .... 

May 29, 1948 1146 -2100 

6 

Tampa, Florida-Panama . . . 

June 2, 1948 1622-2334 

7 

Panama-Lima, Peru. 

June 4, 1948 0946—1839 

8 

Above Peru. 

June 6, 1948 1606-2130 

9 

Lima-Panama. 

June 8, 1948 1637-2324 

10 

Panama-Tampa. 

June 9, 1948 1738—0130 

11 

Tampa-Chicago. 

June 10, 1948 2044 —0328 

12 

Above Illinois & Wisconsin . . 

June 12, 1948 1768—0118 

13 

St. Louis-Inyokem. 

July 1, 1948 1405 -2240 


Greenwich Civil Time. 

In each case where a break in the trip occurred, the procedure 
was to return to the latitude where the preceding stage had ended 
and connect the data with overlapping points. 

In addition to the flight along a constant longitude, a high 
altitude flight was made to an air pressure of 235 gm. cm"" 2 over 
the equator. The advantages to be gained by using data collected 
on such a trip are: 

(a) Similar equipment was used, and this equipment could be, 
and was, constantly intercompared. 

(b) The same equipment was used to collect data as a function 
of (1) latitude, (2) altitude, (3) zenith angle, (4) azimuth angle. 

(c) A repetition of the experiments could be made on the return 
trip to check the constancy of the apparatus and the constancy 
of the quantities being measured. 

(d) Effects of fluctuations in the primary radiation could be 
minimized by the short times involved. 
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In addition, where counter telescopes were used, the counter areas 
were such that the statistical errors were small, even though the 
times were short due to the speed of the plane and the relatively 
short time it could remain aloft. 

In studying geomagnetic effects, it might be supposed that the 
ideal would be to go to the top of the atmosphere in order to 
measure the primary radiation itself, yet there is an advantage 
in being down in the atmosphere beyond the effects of circulating 
part icles which have been trapped in the earth’s magnetic field 
or are scattered upward from the atmosphere. The importance of 
this albedo effect is unknown at present, but probably exerts 
little influence at the altitudes where these flights were made. 

Because of the wide variety of experiments performed, under 
the controlled conditions of temperature and pressure that existed 
in the airplane, and the wide range of latitude covered in a relatively 
short time, it became possible for the first time to make an analysis 
of the different geomagnetic effects using data collected with 
similar apparatus which could be frequently intercompared. 

3, 2 Description of the apparatus 

It. was deemed desirable on this flight to collect as much data as 
possible with due eonsideration for space available in the airplane 
(a B 29 with pressurized compartments). In all, eight telescopes 
were in continuous operation. These consisted of three trays of 


8 



Fig. 4 Light weight Goigor counter: 1. Metal cylinder is formed from 
copper-plated stool shoot, 0.025 cm. thick. The joint is a look seam that 
is silver soldered together simultaneously with joints 7 and 8; 2. Tungsten 
wire* 0.0025 cm. dia.; 3. Copper-plated steel caps: 4. Metal eyelet containing 
glass head; 5. (daws -scaling motal tube through which tungsten wire is 
threaded; ft. Class eovoring to metal tube; 7,8. Silver soldered joints; 
9. Tube is pinched when wire is taut, then silver soldered; 10. Tubulation 
consisting of copper tubing pinched to a feather edge to seal. Weight of 
complete counter is 90 gm. 
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8 counters per tray. The separation between outer trays was 
80 cm., while the effective area of each tray was about 000 cm 2 . 
The design of the counters themselves is shown in Fig. 4. The total 
number of counters in operation at one time was 152. 

Four trays were mounted in three of the frameworks used, so 
that the top three trays could be used as one telescope, and the 
bottom three as another. The centre two trays were thus common 
to these two telescopes. Two other frame works contained three 
counter trays each, and were completely independent of each 
other. 



Fig. 5 - Eight counters were mounted rigidly in a framework to form a 
sensitive area of 600 cm 2 . Three of these trays wore used to count triple 
coincidences. The weight of each tray was 850 gm. 

Two of the telescopes containing four trays wore mounted along 
the centre of the B—29, as shown in Fig. 6, and could bo rotated 
about a horizontal axis. Their size was such that when turned 
horizontally they just touched the inner wall of the pressurized 
compartment. One of these telescopes contained 10.2 cm. of lead 
between the lower two trays, while the other had 20.3 cm. of lead 
in a similar location. Thus, the top three trays in each case con¬ 
stituted a telescope with no lead absorber, while one had 10.4 cm. 
lead absorber (including the iron box) and the other 20.8 cm. of 
lead. Since the heading of the plane going to and from the equator 
was always nearly geomagnetic south or north, these frameworks 
could be pointed geomagnetic east or west by rotating them on 
their mountings about a horizontal axis. 

The size of the trays and their separation resulted in a half angle 
6 0 , in one plane of 16° and 20° in the other. In the telescopes which 
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were tilted, the counters were mounted so that the 16° angle was 
in the vertical plane. An inclinometer with a pointer was mounted 
on the side of the two frames that could be rotated. The graduated 
scale read to ± 4 ° and the sensitivity of the bubble was such that 
J° could be detected easily. No difficulty due to vibration, roll or 



Fig. 6 - Disposition of cosmic-ray telescopes in pressurized section of the 

airplane. 

pitch of the plane was experienced in reading the position of the 
bubble. The automatic pilot held the plane on a very level, straight 
course, except on two occasions, when storms were encountered. 
Scaling circuits were used where necessary to reduce the randomness 
and average rate of counting to values whore a negligible number 
of counts would be missed by the registers used. All circuits 
were dipped in hot paraffin to avoid effects of moisture in the 
tropics. 
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A 35 mm. camera was used to photograph, at intervals of one 
minute, the faces of the registers, a clock and pertinent information 
written on a small card. 

3. 3 Experiments performed 

Most of the experiments listed below were performed during 
one trip of a B—29 to Lima, Peru, and return. On a subsequent 
trip some of the experiments were repeated. These were in sub¬ 
stantial agreement with those made before. Other flights were 
made within the United States and Canada to study the behaviour 
of the radiation at 30,000 to 33,000 ft. between 40° and 64° geomag¬ 
netic north. The equipment in all flights was essentially the same. 
Some modification was made in the circuits on the later flights, 
but otherwise there was little difference in the experimental 
arrangements. 

The following experiments pertinent to the present discussion 
were performed: 

A. On the latitude effect from 64° geomagnetic north to the 
equator continuous measurements were made both going and 
coming. 

1 . Vertical radiation: two independent telescopes; no added 
absorber. 

2 . Vertical radiation: one telescope; 10.4 cm. lead absorber. 

3. Vertical radiation: one telescope; 20.8 cm. lead absorber. 

4. Total radiation: continuously recording ionization cham¬ 
ber 2 . No added absorber. 

5. Total penetrating radiation: continuously recording ion¬ 
ization chamber 2 inside a 11 cm. lead absorber. 

6 . East-west effect at 45°: two independent telescopes; no 
added absorber. 

7. East-west effect at 45°: one telescope; 10.4 cm. lead 
absorber. 

8 . East-west effect at 45°: one telescope; 20.8 cm. lead 
absorber. 


2 These ionization chambers were those used in the surveys of Millikan 
and Nehhr [1936]. They are spherical in shape with a 3 mm. steel wall 
and a 2.5 x 2.5 cm 8 steel band around the centre and lying in a vertical 
plane. The average thickness of iron is close to 8 mm. 
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B. East-west and azimuthal effects at the geomagnetic equator. 

1 . East-west effect at 30,000 ft. (310 gm.cm~ 2 ) with no lead 
and with 10.4 and 20.8 cm. lead absorbers. 

2 . Azimuthal effect measured every 30° at 36,000 ft. (235 
gm.cm - " 2 air pressure) with no lead, 10.4 and 20.8 cm. of 
lead at zenith angles of 22£°, 45° and 67|°. 

C. Other experiments performed. 

1 . Counting rates vs. air pressure were taken with all telescopes 
turned vertically at nearly all times when the plane was 
ascending. The rate of ascent was such that good records 
without lead, with 10.4 cm. lead and with 20.8 cm. lead 
were obtained. 

2 . Longitude effect at 30,000 ft from 110° W to 90° W along 
geomagnetic latitude 41° N. 

3. 4 Internal calibrations 

All telescope data were adjusted by suitable correction factors 
to read what set No. 1 (one of the unshielded telescopes) would 
have read in the same circumstances. These calibration factors 
were determined as follows: on several occasions, both on the 
ground and in the air, the four telescope sets with no added absorber 
were measuring the same radiation while the cosmic ray intensity 
was constant for a sufficient length of time to yield an accurate ratio 
between the counting rates. There is no significant difference 
between the two methods of comparing the rates. 

For the calibration of the telescopes containing lead, data taken 
in the plane while on the ground were used. These data gave the 
counting rate with the lead removed but with the iron boxes which 
held the lead still in place. An experiment in which iron sheets 
wore inserted between the trays of the unshielded telescopes gave 
the necessary correction for the iron boxes. 

The results of the internal comparisons arc shown in Table 5. 


TABLE 5 


n 

(Sot No.) 

Q 

n 

(Set No.) 

Q 

1 

1.000 

6 

1.000 ± 0.007 

3 

0.974) ± 0.004 

7 

1.037 ± 0.006 

4 

0.981 ± 0.007 

8 

1.011 ± 0.006 

5 

J .037 ± 0.009 

9 

1.019 ± 0.016 
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The values are the ratios of set No. 1 to set n . The indicated 
probable errors are those computed from statistical errors in the 
calibration. The above comparison gives a good experimental check 
of the similarity of the geometries of the various telescopes. 

3. 5 Corrections to the telescope readings 

The following corrections need to be considered: 

A. Accidental counting rates 

B. Dead time of the counters 

C. Effect of side showers 

D. Finite opening of the telescopes 

E. Absorption in the counter walls and walls of the plane. 

Other corrections due to variations in the height of the plane, 
efficiency of the recording circuits, variations in the zenith angle of 
the east-west sets, etc., were negligible. 

Accidental counting rates were corrected for in the usual way. 
The main contribution was from the real double coincidence rate 
between two of the trays and the single counting rate of the third 
tray. This correction was never more than —1.6 %. 

Correction for dead time of the counters was somewhat more 
important. Using the individual counting rates of the Geiger tubes 
this correction was determined in the laboratory. It amounted to 
+ 4.0 % at the northern latitudes and +2.6 % at the equator. 

The correction for side showers was important for the tele¬ 
scopes without lead absorber. To gain information on the importance 
of this correction a fourth tray of counters was mounted opposite 
the middle tray and just beyond the line where real triple coin¬ 
cidences could take place. At the northern latitudes at 30,000 ft. 
the counting rate with the side tray so placed was 44 per minute, 
when the telescope was vertical, compared with 800 per minute 
when the telescope was operated in the usual way. When tipped 
over at 46° the rate with the centre tray to the side was 29 per 
minute. At the equator this went down to 20 per minute. The fact 
that this shower rate has the same latitude effect as the total 
intensity means that the showers are not of the extended variety 
which show no latitude effect. 

To gain further information on side showers the telescopes were 
turned horizontally. Because of the finite opening of the tele- 
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scopes, particles coming in at zenith angles from 74° to the horizon 
would be counted from each end when in this position. Aamiming 
mass absorption for these particles that could penetrate the 10 or 
20 cm. of lead in the telescopes, the counting rate due to these low 
angle particles could be estimated. Thus, at northern latitudes at 
30,000 ft., the average of the counting rates with the telescopes 
containing 10 and 20 cm. of lead was 21 per minute. Fourteen 
per minute could be accounted for as due to these nearly horizontal 
particles. The remainder, or 7 per minute, we estimate is due almost 
entirely to extended showers. The evidence, then, is that the tele¬ 
scopes with lead between trays were so well protected that the 
small side showers were largely eliminated. 

For the telescopes without lead the counting rates when horizontal 
wore 102 per minute at the northern latitudes. Of these, 26 per 
minute could be accounted for by real triple coincidences due to 
particles from 74° to the horizon. The remainder, or 76 per min ute, 
wo assume are due to side showers. 

For other zenith angles we can make an estimate of the effect 
of sido showers from the data on the counting rate with the centre 
tray displaced. This side shower effect will be due mostly to one 
of the shower particles passing through two of the trays and 
another shower particle passing through the third. This effect will 
increase as the centre tray is moved into line with the other two. 
Assuming that these small showers have the same zenith angle 
distribution as tho total radiation, one can calculate the way in 
which the measured shower rate depends on the position of the 
centre tray. 

In the above way we arrive at the scheme given in Table 6. 


TABLE 6 

Total correction in counts per minute dm to side showers for telescopes with 
no le<ul absorber for zenith angle , z*. 


Latitude 

A 0 

22J rt 

i 

©i 

o 

67£° 

90° 

50" 

1 100 ± 10 

92 ± 10 

85 ± 15 

80 ± 15 

76± 10 

0" 

| 00 ± 7 

61 ± 7 

57 ± 10 

53 ± 10 

50 ± 7 


* No correction iH inado for local sido showers for telescopes with lead 
absorber. 

The probable errors are estimates based on the uncertainties of 
applying shower data to our particular geometry. 
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In making the correction due to the finite opening of the telescope, 
it was assumed that to a first approximation the variation of the 
counting rate over the mouth of the telescope for any one zenith 
angle could be approximated by assuming the mass absorption 
law to hold, and then using absorption curves obtained in the 
vertical direction in the atmosphere. A double graphical integration 
was made for each zenith angle, and for the telescopes without, and 
with lead. The results of some cases for no lead are given in Table 7. 


TABLE 7 


Corrections to be applied to zenith angle data for finite opening of teltwopn. 

No lead absorber 


Zenith 

48° North 

0° 

(230 gm. am 

■•*) 

Angle 

(310 gm. cm" 2 ) 

N-S Plane 

West 

IflUHt 


% 

0/ 

/o 

% 

% 

0° 

0.0 

0.0 

0.0 

0.0 

22|° 

1.0 

0.1 

0.3 

0.2 

45° 

- 2.0 

1.1 

1.1 

o.« 

67*° 

-23 

-8.0 

-8.1 

- 0.5 


No correction has been applied for the five wall thicknesses of 
the counters or for the skin of the plane, both of which the particles 
needed to penetrate to be counted. The former totalled 1.0 gin.cm * 
of iron, and the skin of the plane added another 1 gin.cm 2 of 
aluminium. The effect of adding iron between the trays near sea 
level is given in Fig. 7. The slope of the line is 2.0 ; | : 0.2 % gin 1 cm* 
of iron. These data cannot be applied directly at 30,000 ft. because 
of the different, composition of the radiation. 

The corrections which have been made have been gone into 
rather extensively because of their importance in reducing the data. 
A summary of the corrections made to the original data is as 
follows: 


A. 

B. 

C. 


D. 


Accidentals Maximum 

Dead time of Counters 
Side Showers 

No lead absorber tt 

With lead absorber 
Finite aperture (except at 67£°) „ 


of- 1.5 % 

„ + 4.0 % 

„ —13.0 % at vertical 

„ 0.0 % 

» 2.0 %. 
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Fig. 7 - Adding sheets of iron between the trays near sea level (2600 ft 
clovation) gave an absorption of 2.0 ±0.2 percent gm -1 em -> . 

3. 6 Reduction to absolute values 

After reducing the readings of each telescope to what No. 1 
would have read under the same conditions, as given in Table 5, 
the corrections discussed above were applied. These values were 
then multiplied by an appropriate factor to reduce the rates to an 
absolute value. R. A. Montgomery [1949] has made an accurate 
determination of the absolute value of the intensity of cosmic rays 
at sea level and in Pasadena with the counters here used. He found 
a value of j ± ■--- 0.0116 ionizing particles cm -2 sec -1 sterad -1 at the 
vertical at soa level. This is slightly higher than the value given 
by Greisen in Table 1 above. 

Comparing our geometry with that used by Montgomery on 
the one hand, and by placing our telescopes outdoors and assuming 
cosmic rays had not changed in the 3 or 4 months intervening on 
the other, we found that the constants necessary to reduce our 
values to absolute values determined these two ways differed by 
1.5 %. We therefore took the average, or a multiplying factor 
of 3.43 x 10 -4 to reduce our counts min -1 to counts cm -2 sec -1 
sterad -1 . 
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3. 7 Experimental results 

Figures 8 and 9 give the experimental data obtained on the 
latitude effect along longitude 80° W at 30,000 ft. (310 gm.cm~ 2 
air pressure) (a) at the vertical, (b) at 45° W and (c) 45° E without 
lead absorber and with 10.4 cm. and 20.8 cm. of lead between the 
second and third trays of counters. These data have had no cor¬ 
rections applied except to reduce all readings to what set No. 1 



Fig. 8 - Latitude effect of the total radiation at the vertical, 45° West, 
and at 45° East with no absorber. No corrections applied. 
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would have read under the same circumstances, as given in Table 5. 
The vertical data with no lead are the averages for two independent 
telescopes. The data at 45° east and west with no lead are also the 
averages for two independent telescopes. The procedure followed 
on the flight was as follows: the two observers (Biehl and Neher) 



0° 10° 20° 30° 40* 50° 60° N 70° 

Geomagnetic latitude, A, 

Fig. 9 - Latitude effect at the vertical, 45° West and 45° East, for that 
part of the radiation that can penetrate 10.4 and 20.8 cm. of lead. No 

corrections appliod. 

would swing the two telescopes first 45° E, then 45° W, leaving 
them in a given position for 10 minutes. Since these frameworks 
also contained the telescopes with lead absorber, the data with 
lead at 45° E and W also represent alternating values. 

The statistical errors of each plotted point in Figs. 8 and 9 are 
no greater than the diameters of the points themselves. In the case 
of the vertical telescopes with no lead, each point represents the 
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average for a 30 minute time interval. Thus, at northern latitudes 
each point has a statistical error determined by about 50,000 
counts. 

The data given in Figs. 8 and 9 were then corrected as explained 
in section 4.5 and reduced to absolute values of particles cm“ a sec -1 
sterad" 1 . Figs. 10 and 11 represent the data so reduced. In Table 8 
some numerical values are given for definite latitudes, both before 
any corrections were applied and after such corrections were made 
and the data reduced to absolute values. 

TABLE 8 


Telescope data at 310 gm.cm~ 2 air pressure 


Geo- ' 
magnetic 
Latitude 

X 

Vertical 

45° W 

45° E 

Bemarks 

No 

Lead 

!l 

o i-l 

i-H 

§3 
00 $ 

d H 

<N 

No 

Lead 

g? 

tH S 

© M 

i—I 

§3 

oo S 

© H 
eq 

No 

Lead 

§3 

© H 

i-H 

g 3 
00 £ 

© H 

<N 


788 

503 

212 

128 

I 

466 

335 

127 

93 

100 

86 

466 

277 

127 

71 

100 

63 

Uncorrected 
counts per 
minute 

60° N 

0° 

0.243 

0.153 

0.0738 

0.0443 

0.0529 

0.0350 

0.134 

0.098 

0.0436 

0.0321 

0.0343 

0.0295 

0.134 

0.077 

0.0436 

0.0246 

0.0343 

0.0218 

Corrected and 
reduced to 
particles cm" 2 
sec" 1 steradian“ 1 


After applying corrections explained in section 4.5, values in upper Tmlf of table are 
multiplied by 3.43 X 10+ 4 to reduce to particles cm -2 sec -1 steradian -1 


To find the importance of the change in longitude on intensity 
measurements at 30,000 feet altitude, the airplane flew along a 
constant geomagnetic latitude of 40.8° N from 112° W to 90° W. 
Shown in Fig. 12 are the data obtained with the unshielded ioniz¬ 
ation chamber as a function of longitude. On the basis of the eccen¬ 
tricity of the dipole as discussed in § 1, it is possible to calculate 
the expected dependence on longitude at this elevation, from the 
known dependence on latitude of the same instrument when the 
momentum range covered was the same. The expected value at 
100° W was calculated to be — 0.29 % per degree change in longitude 
compared with the measured value —0.24. (See: Biehl and 
NEHER [I960]). 

The above information makes it very desirable to state the 









Geomagnetic Latitude 


Fig. 10 - Data of Fig. 8 after corrections have been applied and reduction 
made to absolute values. 


j 



Fig. 11 - Data of Fig. 9 after corrections have been applied and reduction 
made to absolute values. 
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longitude as well as the latitude where such experiments are made. 
The ionization and counter telescope data obtained at two different 



Geographic Longitude 

Fig. 12 - The longitude effect at 310 gm.cm- a air pressure (30,000 ft.) at 

40.8° N. 

longitudes on several flights are shown in Figs. 13 and 14. The 
differences in the two curves taken at the two different longitudes 
are consistent with the change with longitude shown in Fig. 12. 

The next geomagnetic effect for which data were obtained was 
on the dependence of counting rate on zenith angle in the east- 



Geomagnetic Latitude 

Fig. 13 — The latitude effect at two different longitudes. A and B taken 
with unshielded ionization chamber; C taken with 11 cm. lead shield. 
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Fig. 14 - Latitude effect at the vertical using counter telescopes. A and B 
taken with no added absorber; C taken with 10.4 cm. lead between second 

and third trays. 



Fig. 15 - Zenith-tingle dependence in the East-West plane at two different 
elevations over Peru with no load absorber. 
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west plane at the equator. This is generally known as the east-west 
effect. In this oase, data were taken not only at 310 gm.om -2 air 
pressure, but also at 235 gm.cm.- 2 . In Figs. 15, 16 and 17, these data 
are given for no lead absorber and with 10.4 and 20.8 cm. of lead 
absorber. All corrections have been applied, including those for 
finite opening of the telescopes. In Table 9 are given the numerical 
values of the counting rates both at 310 and 235 gm.cm~ 2 air 
pressure. 


TABLE 9 

Particles cmr* sec* 1 sterad/ian* 1 
Telescope data in east-west plane at equator 


X. Zenith 

X.Angle 
AddedNv 
Absorber X. 

Vert¬ 

ical 

22J°W 

22J°E 

45°W 

45° E 

67i°W 

67|°E 

Remarks 

0 cm. lead 

0.153 

0.140 


0.098 

0.077 

0.025 

0.0190 

Mgmmm 


0.0443 

0.0450 


0.0321 

0.0246 

0.0147 

0.0117 

HbUmSImSb 

20.8 

0.0350 

0.0364 


0.0295 

0.0218 


0.0106 

CUJJL 

0 cm. lead 

Bill 

0.183 

0.156 


0.111 

0.061 


235 gm.cm“ a 



— 

— 

0.0444 

0.0316 


0.0100 

air pressure 

20.8 | 


0.0445 



0.0276 


— 



* This particular datum is for 27-J- 0 . 


Some values of the percentage west excess taken from Table 9 
are listed in Table 10. These are computed in the usual way of 


TABLE 10 

Per cent East-West effect over Peru 
Calculated from W w -j E )Hj w +j E ) 


Absorber 

Zenith Angle 

Remarks 

22*° 

45° 

67*° 

0 cm. lead 
10.4 

20.8 

13.1 

17.0 

17.0 

23.3 

27.6 

30.4 

27 

23 

11 

310gm. cm -2 
air pressure 

0 cm. lead 
10.4 

20.8 

16.0 

18.6 

29.1 

33.0 

35.4 

40 

30 

235 gm. cm-* 
air pressure 


The statistical probable errors involved in the above values are approx¬ 
imately ± 7 % for 22J° and 67J° and ± 5 % for 46°. 
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Fig. 16 - Zenith-angle dependence in the East-West plane at two different 
elevations over Peru with 10.4 cm. lead absorber. 



Fig. 17 - Zenith-angle dependence in the East-West plane at two different 
elevations over Peru with 20.8 era. lead absorber. 
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taking the difference between the westerly and easterly values at a 
given angle and dividing by the average for the east and west. 
For the higher elevation (236 gm.cm -2 ) the percentage west excess 
is plotted as a function of zenith angle, in Fig. 18. 



Fig. 18 - Percent asymmetry at 236 gm.cm-® air pressure (36,000 ft), 
at the geomagnetic equator as a function of zenith an gle 

The smaller value of the percentage west excess at 67J° with 
20.8 cm. of lead at 310 gm.cm- 2 is probably due to the higW 
energy primaries necessary for their secondaries to penetrate the 
greater thickness of atmosphere and lead. These primaries show 
less east-west asymmetry. At still larger zenith angles the east- 
west effect should approach zero since the primaries that can 
penetrate the greater depth are not affected by the earth’s magnetic 
field. 

The last geomagnetic effect for which data were obtained on 
the flight to Peru, i.e., along longitude 80° W, is on the dependence 
of counting rate on azimuth angle for given zenith angles at the 
geomagnetic equator. The data taken with no lead absorber, 
10.4 cm. and 20.8 cm. of lead are given in Pigs. 19 and 20 when no 
corrections have been applied. After making the corrections for 
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No lead absorber 


300 <p 360 


Azimuthr Angle 

) - Azimuth-angle effect for several zenith angles at 235 gm.cm 
over Peru with no lead absorber. No corrections applied. 


10.4 cm. lead 


180 

Azimuth Angle 


20.8 cm. lead 


300 <p 360 


Fig. 20 - Azimuth-angle effect for several zenith angles at 235 gm.cm"'* 
over Peru with 10.4 and 20.8 cm. load absorber between second and third 
trays of counters. No corrections applied. 
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accidentals, efficiency, side showers and finite opening of the tele¬ 
scopes and then reducing to absolute values, the results given in 
Figs. 21 and 22 are obtained. Each point for the case of no lead at 
zenith angle 45° has a statistical probable error of ±0.7 %, while 
for the telescopes with lead the probable error is about ± 2% for 
the same angle. 



mad© to absolute values. 

It is interesting that the azimuthal angle effect may be represented 
empirically, within the experimental uncertainties, by a sinusoidal 
function. Thus at 235 gm.cm -2 at the equator over Peru we find 
the best fit to the experimental points is given by the relations in 
Table 11 where <f> is the azimuth angle measured from the north. 

TABLE 11 


Empirical representation of azimuth angle data at the geomagnetic equator 
over P&ru at 235 gm,cm~*» Values ore in particles cm “* sec"* 1 sterad/Lanr^- 


Absorber 

Zenith Angle 


22J° 

45° 

67i° 

0 

10.4 cm lead 
20.8 cm lead 

0.174 -0.014 sin ^ 

0.130 -0.019 sin <j) 
0.0374-0.0062 sin <f> 
0.0330-0.0058 sin <f, 

0.062 —0.010 sin <j> 
0.0193-0.0030 sin <t> 

0.0412-0.0038 sin <f> 
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Fig. 22 - Data of Fig. 20 after corrections have been applied and reduction 
made to absolute values. 

In addition to the above, further data were taken that are 
pertinent to the (lisoussion that follows. As indicated previously 
in § 3.3, the telescopes were turned vertically while gaining altitude 
from the various airports. The rate of rise was such that quite 
satisfactory data were obtained. In particular in Figs. 23 and 24 
are plotted the results for the airport north of Chicago at geomag¬ 
netic latitude 53° N. These data have all been corrected and reduced 
to absolute values. The agreement between the values here obtained 
and those taken in the summer of 1947 with nearly identical 
telescopes by Biehl, Montgomery, Nbhkr, Pickering and 
Boesch [1948] should be pointed out. We then obtained 0.234 
particles cm -2 sec -1 sterad -1 with no lead absorber at 310 gm.cm -2 
air pressure using free ballons at Eapid City, South Dakota 
(Am** ■ - 33° N) as compared with the present value of 0.240 after 
all corrections have been made. 

Other data on the zenith angle distribution, both at the north¬ 
ern latitude and at the equator, will be useful. While going between 
California and Chicago, the plane flew along geomagnetio latitude 
48° N. This gave a good opportunity to measure the zenith angle 
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distribution in the north-south plane. No dissymmetry within the 
accuracy of the data was found. The reduced data without and 
with absorber are plotted in Fig. 25. Of particular importance here 
is the evidence at large zenith angles for scattering of the radiation. 



Fig. 23 - Intensity i». air pressure at geomagnetic latitude 53° N with 
and without lead absorber. Extension to curve A is from balloon flights 
at Omaha, (Biehl, etc. [1948]); extension to curve 0 is from data due to 
Schein using 18 cm. of lead as quoted by D. J. X. Montgomery [1949]. 
The double circled points are from averages over long periods of time. 


Plotted also in Fig. 25 are the values one obtains for the vertical 
direction for the same intervening mass of air. To make the com¬ 
parison between the two sets of data clearer the corresponding 
values are given in Table 12. 



TABLE 12 


Intensity at several zenith angles compared with intensity at the vertical 
for the same mass of intervening air 


Absorber 



Zenith Angle 




Remarks 

0° 

Verti¬ 

cal 

22 J° 

Verti¬ 

cal 

45° 

Verti¬ 

cal 

674° 

Verti¬ 

cal 

0 

0.237 

0.237 

0.204 

0.202 

0.131 

0.120 

0.035 

0.021 

48° NT. 

10.4 cm. lead 

0.0735 

0.0735 

0.0655 

0.0642 

0.0463 

0.0440 

0.018 

0.013 

310 gm. 

20.8 

0.0525 

0.0525 

0.0484 

0.0484 

0.0325 

0.0342 

0.012 

0.011 

cm~ a 

0 

0.188 

0.188 

0.172 

0.177 

0.135 

0.136 

0.055 

0.040 

Equator. 

10.4 cm. lead 

0.0530 

0.0530 

— 

0.050 

0.040 

0.041 

0.020 

0.019 

235 gm.cm- 1 

20.8 

0.0424 

0.0424 

0.041 

0.040 

0.035 

0.035 

— 

0.016 




Fig. 24 - Intensity vs. air pressure at geomagnetic 0° with and without 
load absorber. Extension to curve A is from balloon, flights at Bangalore, 
India, (Nkhkk and Pick rhino [1042]). The double circled points are from 
uvorairos ovor lone periods of time. 
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The data given in the lower half of the table are taken from 
Figs. 21 and 22 for those particular azimuth angles where,according 
to the calculation of Vallarta et ah given in Fig. 1, the same minimum 
momentum is required for a particle to penetrate the earth’s 
magnetic field. (See discussion in § 1. 6). These values, then, 
represent a true zenith angle dependence since in these directions 



Fig. 26 — Zenith-angle dependence in the North-South plane at 310 gm.cxn“* 
at geomagnetic latitude 48° N. The vertical values are taken from Fig. 23 
for the same mass of intervening air. 

the same numbers of particles, with the same momentum distri¬ 
bution, are incident on the top of the atmosphere in all cases.In 
Fig. 26 are plotted these data at the geomagnetic equator over 
Peru at an air pressure of 235 gm.cm- 2 . 

There is good agreement, using no lead absorber at 22J 0 to 
the vertical, with the intensity measured at the vertical through 
the same mass of intervening air. The discrepancy between the 
two becomes progressively worse at the larger zenith angles and 
is more pronounced at 48° N than at the equator. At 67£°, the 
measured intensity at 48° N is 67 % higher than at the vertical 
through the same mass of air. At the higher altitude at the equator 
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the value at 67J° is 37 % larger than at the vertical through the 
same mass of air. The situation with lead absorber is considerably 
better, the discrepancy being 10 % at 48° N and 5 % at the 
equator, both at a zenith angle of 67£°. 

It is believed that here is good evidence for the effects of scatt¬ 
ering, for more particles will be scattered into the regions of low 



Zenith Angle 


Fig. 26 - Zenith-angle dependence at the geomagnetic equator at 235 gm.cm- 2 
air pressure, in tlio direction of constant minimum momentum. The vertical 
values are taken from Fig. 24 for the same mass of intervening air. 

intensity, i.o., at large zenith angles, than are scattered out and 
this effect will he more pronounced for tho lower energy particles 
that are counted by the telescopes with no lead absorber. In the 
case of lead absorber the deoreaso in intensity that would be 
expected at the larger zenith angles due to decay of the ^-mesons 
seems to be nearly compensated for by the effect of scattering. 

Further evidence for tho effects of scattering oan be gathered 
from tho latitude curves for 45° E and 45° W as given in Figs. 8 
and 9. Tho unshielded telescope at 45° E shows an increase in 
intensity soon after the vertical curve starts to rise as one goes 
north. However in the case of lead absorber the telescopes pointing 
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45° E show’ much less increase with new energy coming in from 
the west and the vertical as one goes north. This again we interpret 
as due to the scattering of low energy secondary particles through 
relatively large angles. 

4. Correlation of geomagnetic effects 

4.1 Introduction 

Several attempts have been made in the past to correlate the 
various geomagnetic effects to see if the known experimental data 
could be fitted into a consistent scheme. In particular the attempts 
of Johnson [1938] and Janossy (Cosmic Rays, Oxford [1948], 
p. 308) should be mentioned. These authors took their own data 
or those of others and with the help of the calculations of Stormer, 
Lemaitre, Vallarta et al. on the effect of the magnetic field of 
the earth on charged particles, tried to tie together, for example, 
the latitude effect with the east-west effect. These attempts were 
more or less successful. They suffered partly because of lack of 
experimental data which in some cases were collected from diff¬ 
erent authors or a lack of definite calculations on the behaviour 
of charged particles in the magnetic field of the earth. At the lower 
latitudes, as . pointed out previously, these calculations become 
exceedingly laborious due to the complexity of the penumbra. 
Vallarta [1948] has summarized the most important results of 
the calculations in a recent paper. The curves there given bring out 
very well the uncertainties in the calculations at the lower latitudes. 

In the following correlation of the various geomagnetic effects 
we shall take the experimental evidence oited previously, that no 
more than 0.2 % of the primaries can be electrons, to mean that 
no appreciable number of negatively 'charged particles are in the 
primary radiation. We shall assume in addition that no neutral 
radiation such as neutrons or photons are among the primary 
particles. Thus we shall take the primary radiation to consist 
entirely of positive particles. This being so, all of the geomagnetic 
effects should be related and, in fact, we shall use t.bia assume d 
relationship to help solve the problem worked on by V allar ta et 
al. of determining the effect of the magnetic field of the earth on 
charged particles. 

We shall use the calculations of Vallarta et al. at the geo- 
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magnetic equator as correct for a starting point. In the east-west 
plane where no penumbra or shadow effect exists these calculations 
should be free from reasonable doubt. There is somewhat less 
certainty with the calculations in other azimuths at the equator 
but the effects of the penumbra and shadow cones are small until 
one reaches large zenith angles. We therefore shall take the depen¬ 
dence of the minimum momentum of the primary particles on 
zenith angles as given by Fig. 2 as correct and shall take also the 
azimuth angle dependence as given by Fig. 1 as correct after 
making the necessary corrections for eccentricity of the dipole and 
tilt of the earth’s magnetic field in Peru as explained in § 1. 6. 

We shall further, for the immediate purpose, use the data from 
the telescopes with the lead absorber in correlating the various 
geomagnetic effects since these seem to be more nearly free from 
effects of scattering. Combining Liouville’s theorem with the 
experimental evidence that with lead absorber the mass absorption 
law appears to hold together with the assumption that the primary 
radiation consists only of positively charged particles, we conclude 
that: if at a certain latitude, longitude, air pressure, azimuth angle 
and zenith angle a certain intensity of particles is measured that 
can penetrate the lead absorber, then, if the same intensity is 
measured at some other latitude, longitude, air pressure, azimuth 
angle, and zenith angle for the same mass of intervening air, the 
primary radiation incident on the top of the atmosphere is the same. 

4. 2 Correlation of latitude effect and zenith angle effect with the 
calculations of Vallarta et al. 

The zenith angle effect as given in Fig. 26 is for a telescope 
pointed in the direction of the constant momentum boundary as 
explained previously. The ratio of these values for the same zenith 
angle taken in the oast-west plane to those in this constant momen¬ 
tum direction is then different from unity only because of the 
different primary momentum range included. In Fig. 27 this ratio 
is plotted not as a function of zenith angle, but of the least allow¬ 
able momentum in the oast-west plane for that particular direction 
as obtained from Fig. 2. The data are for the average of 10 and 
20 cm. of lead taken at the atmospheric pressures of 235 and 
310 gm.cm“ 2 . The values at 310 gm.cm“ 2 arc computed from data, 
some of w'hich have not been heretofore published. A slightly 
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greater asymmetry is shown at the higher altitude as mentioned 
previously. In* the calculations that follow a linear relat ion is 
assumed between this ratio and the mass of absorbing air for the 
limited ranges of air mass involved. 



Fig. 27 - Ratio of intensity in the East-West piano at the equator to 
that in the direction of constant minimum momentum, for the sumo 
mass of intervening air, as a function of minimum momentum of the 
incident particles. Average for 10.4 and 20.8 cm. lead. 

Assuming only positive primary particles, we must expect the 
same relative increase in the latitude effect at the vertical ns we go 
away from the equator, shown in Figs. 9 and 11, as is shown in 
Fig. 27 when the momentum range covered is the same. Wo thus 
have sufficient information to solve parametrically for the minimum 
momentum of the primary particles vs . geomagnetic latitude. This 
has been done as shown in Fig. 28 down to a minimum momentum 
of 10.3 BeV/c or a latitude of 22.5° N and has not been carried 
farther because of the increasing importance of atmospheric 
absorption. 

Plotted in the same figure are the two limiting curves given in 
the summary by Vallarta [1948]. The curves here are plotted 
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on a momentum basis and are corrected for tilt and eccentricity of 
the earth’s magnetic field. The upper broken curve gives the cal¬ 
culated momentum a particle must have in the vertical direction 
at the geomagnetic latitude given by the abscissa, above which 
all momenta are allowed by the earth’s magnetic field. The lower 
broken curve gives the least momentum a particle must have in 
order to penetrate the earth’s magnetic field in a vertical direction 
at the geomagnetic latitude given by the abscissa. 

The experimental curve has been extended to higher latitudes 
by gradually dropping down to the lower curve, following the 
instructions given by Vallarta. 

The next comparison we shall make with the calculations of 
Vallarta et al. is using the latitude effect at 45° as given by Kgs. 9 
or 11. Again, using the average values for 10 or 20 cm. of lead. 



Fig. 28 - Experimentally derivod dependence of minimum momentum vs 
geomagnetic latitude at the vertical. Dashed curves are those given by 

Vallarta [1948], 
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we find that since the intensity, when the telescopes are pointed 
at zenith angle 45° E at latitude 31° N is the same as when pointed 
45° W at the equator, the same momentum range must be covered 
by the 45° E telescope when carried from 31° N" to the equator as 
is covered by the telescope sweeping across the sky in the vertical 
plane at the equator from 45° W to 45° E. 

Solving parametrically the two experimental curves of relative 
counting rate vs. geomagnetic latitude, and relative counting rate 
vs. momentum as given in Fig. 27, we arrive at the results shown 
by the dots in Fig. 29 for minimum momentum vs. geomagnetic 
latitude for the case of zenith angle 45° E. The point at 10° N 
indicates the same minimum momentum as 0°. This is due to the 
fact that no increase with geomagnetic latitude is found at 45° E 
with either lead telescope up to 10° N. 

At 31° N the minimum momentum at 45° E is the same as for 
the equator at 45° W as shown experimentally by the same in¬ 
tensities. We can carry the comparison of the experimental results 
with calculations to higher latitudes by noting from the lead curves 
of Figs. 9 or 11 that, beginning with 0° and 31° N there is a latitude, 
where toward the west the intensity is the same as at another 
latitude toward the east. From what has been said previously, this 
means that the minimum momentum must be the same in the two 
cases.. In Table 13 pairs of latitudes are given at which these 
intensities become equal for the average of 10 and 20 cm. of lead 
absorbers. 


TABLE 13 

Pairs of latitudes at which the intensity at 45° W becomes 
equal to that at 45° E. Average of 10 and 20 cm. of lead 


0 and 31° N 

30 and 37.5° N 

. — 

15 and 31.5° N 

35 and 41.5° N 


20 and 33.0° N 

40 and 45.5° N 


25 and 34.2° N 

45 and Sl-O’ N 



These pairs of points have been plotted in Fig. 29 and shown 
by the circles. In plotting these we start first with the previous 
point at 31° N and extend the 45° E curve in such a manner that 
the corresponding points lying on the 45° W curve gradually drop 
down to the lower of the two extreme curves (shown dashed) given 
by Valiarta [1948]. 



CORRELATION OP GEOMAGNETIC EFFECTS 


293 


The above experimental solution to the problem of the behaviour 
of charged particles in the magnetic field of the earth leans heavily 
on the theoretical calculations of Stormer, Vallarta and others. 
What we have done here is to try to determine experimentally the 
behaviour in those regions where the calculations are very laborious 
and have not in general been carried out. 



Fig. 29 - Experimentally derived dependence of minimum momentum vs 
geomagnetic latitude at 45° East and 45° West. Dashed curves are those 
given by Vallarta [1948]. 

It should be remarked that these curves have been strictly 
determined only along longitude 80° W and are not applicable 
directly to other longitudes. However, using the corrections for 
eccentricity and tilt of the earth’s magnetic field* as discussed in 
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§ 2. 0, and -with the help of calculations of Vallarta it should be 
possible to predict the behaviour at other longitudes. It will be 
noticed that all of the experimental curves tend to lie above the 
upper curve given by Vallarta at the low latitudes. This may be 
due to the peculiar variation of the earth’s magnetic field along 
this particular longitude. 

4. 3 Correlation 'of azimuthal effect with zenith angle effect at 
the equator 

In Fig. 1 the calculated boundaries of the cones for particles of 
minim um momentum are plotted as given by Lbmaitre and 
Vallabta [1936]. We have already used these calculations for 
the boundary of that cone which passes through the vertical to 
find the zenith angle dependence for particles of the same momenta. 



Fig. 30 - Comparison of the measured azimuthal effect at zenith angle 
45° with the results given in Fig. 27 permits a determination of minimum 
momentum va azimuth angle. The curve is from calculations of Lemaitbb 
and Vat.t.abta [1930b] as given in Fig. 1. 



CORRELATION 07 GEOMAGNETIC EFFECTS 


295 


We can make a detailed comparison at other zenith angles by 
using the experimental values given in Fig. 27 and the azimuthal 
curves given in Figs. 20 and 22. Again we solve the two curves 
parametrically and find the relation between minimum momentum 
and azimuth angle. The comparison of these results with .the 
calculations of Lemaitre and Vallarta is shown in Fig. 30 where 
we have used only the data with lead absorber and for zenith angle 
45°. Suitable corrections to the ordinate of the calculated curve 
have been made to allow for eccentricity of the earth’s dipole and 
tilt of the magnetic field. It is apparent that with due regard for 
the experimental errors involved there is satisfactory agreement 
between the calculations and experimental values. 

4.4 Correlation of latitude, zenith angle and longitude effects 

When the telescopes that pointed 45° E were carried from northern 
latitudes to the equator, the minimum momentum range covered 
for the primaries was 1 to 23 BeV/c. This includes the momentum 
range covered by particles just able to get in at the vertical in 
going from Peru (13.5 BeV/c) to southern India (17.0 BeV/c). 
Actually the azimuth experiment at the equator at 22-J- 0 to the 
vertical also covered this momentum range. In Fig. 31 we have 
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plotted the intensity as measured through the average of 10 and 
20 cm. of lead as a function of minimum momentum as determined 
from Figs. 28 and 29, for not only the experiments on the latitude 
effect hut for the azimuthal effect as well. The smoothed curve 
at 45° E, for example, covers the momentum range 1 to 23 BeV/c, 
while the azimuth experiment at the same altitude and zenith 
angles covers the range 10.3 to 23 BeV/o. The experimental points 
for the azimuth experiment are shown. It is really not surprising 
that the agreement between the two sets of data is so good for we 
have determined the values of minimum momentum vs. latitude 
and azimuth angle in such a way as to give agreement. 

A further test of the above results, however, is to compare the 
longitude effect found between India and Peru with the change in 
intensity shown in Fig. 31 between the same momentum ranges. 
From the zenith angle data at 22J°, corresponding to an air pressure 
of 310 sec 22.5° = 335 gm.cm -2 , we find a 13 % decrease in going 
from 13.5 to 17 BeV/c. Now the latitude effect in the total radiation 
and in the penetrating part is nearly the same. Hence, assuming 
the radiation responsible for the longitude effect to be of the same 
nature we would expect a 13 % change at this air pressure in going 
from Peru to India either with or without lead absorber. It is 
difficult to compare this figure with existing experimental data 
since similar flights have not been made in Peru and India. However 
a comparison of the counter telescope readings taken at this height 
over Peru and given in Fig. 24 is certainly not in disagreement 
with the data published by Nbhbr and Pickering [1942]. 

Another comparison can be made through a greater mass of air. 
From Fig. 31 we find for the momentum range 13.5—17 BeV/c a 
change in intensity at 67£° of 5 %. At 67£° the mass of air along 
the axis of the telescope is 810 gm.cm -2 . Millikan and Neher at 
sea level, or 1030 gm.cm -2 , found a longitude effect with ionization 
chambers of 4 %. This latter figure would certainly be higher if 
taken at 810 gm.cm -2 with a counter telescope, but we may say 
nevertheless that within the experimental errors there is satisfactory 
agreement. 

4.5 Summary of correlation of geomagnetic effects 

The calculations of Stormer, Lemaitre, Vallarta et al. on the 
paths of charged particles in the magnetic field of the earth have 
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shown the general behaviour to be expected in the several geo¬ 
magnetic effects found in cosmic rays. In case the primaries are 
all of one sign of charge, their calculations in conjunction with 
Liouville’s theorem make the problem of cosmic ray interpretation 
much simpler than if there were a mixture. Experimental evidence 
points to a negligible percentage of negative particles. We have 
therefore assumed that only positively charged particles are 
contained in the primary radiations. A corollary of this is that all 
of the geomagnetic effects are related. We have therefore turned 
the problem around and tried to determine how, for example, the 
minimum momentum for entrance of the oharged particles at 
several zenith angles changes with geomagnetic latitude. This we 
have done with the help of the theoretical calculations and have, 
in fact, assumed that they are correct in the east-west plane at 
the equator. The evidence is that the experimental measurements 
on the geomagnetic effects are consistent within the experimental 
errors and that the theoretical calculations can be fitted with 
experiment to make an overall consistent scheme. 

5. Energy distribution of the primary radiation 

5.1 Introduction 

A number of attempts in the past have been made to determine 
the energy distribution of the primary particles. This first became 
possible with the balloon flights of Bowen, Millikan and Nhhbr 
[1938] at several different geomagnetic latitudes. These flights, 
however, covered rather wide ranges in latitude. Especially large 
was the jump between San Antonio, Texas and Madras, India. 
Balloon flights with counter telescopes wore made by Neher 
and Pickering [1942], Millikan, Neher and Ptokbring [1944] 
and Biehl, Montgomery, Neher, Pickering and Roesoh [1948] 
at closer intervals of latitudo. A correlation between the readings 
of counter telescopes and ionization chambers as discussed in § 2. 4 
now permits the former to bo used for purposes of energy deter¬ 
mination. 

5. 2 Normalization of counter telescope curves 

Prom the data taken with the vertical telescopes on the flight 
at 30,000 ft. to Peru along longitude 80° W, it is possible to redraw 
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the balloon telescope counter curves in such a manner as to agree 
with the airplane data at 310 gm.cm -2 air pressure, as given in 
Fig. 10. To do this, all curves at a particular latitude were multi¬ 
plied by a constant factor to affect this coincidence. This procedure 
is thought to be justified (a) by the fact that curves taken at 
stations close together in latitude are closely similar; (b) if the 
adjustment involves correcting for changes in the primary radiation, 
such changes will affect the whole curve more or less by the same 
percentage; (c) the fitting is done rather high up on the curves (in 
the case of the curve at Omaha, 60 % of the way to the maximum) 
and (d) the adjustment was in all cases only a few per cent. Such 
adjustment in principle, at least, will have the effect of eliminating 
instrumental errors and fluctuations in the primary radiation. The 
balloon counter curves so normalized are shown in Fig. 32. Here 
we have picked out certain of the balloon flight curves from those 
available as being the most consistent for the flights made at a 
given station and also for being well spaced in latitude. 


TABLE 14 


Location 

Geo¬ 

magnetic 

Latitude 

Min. Energy at 
Vertical for Proton 
in BeV* 

Counts cm -2 
sec- 1 sterad~' 1 

X gm.cm.- 2 

BoV cm.-® 
sec- 1 
storad” 1 

Saskatoon . . 

o 

O 

CO 

0.4 

162 

0.774 

Omaha . . . 

51° 1ST 

1.4 

167 

0.740 

Ft. Worth . . 

42° 1ST 

3.2 

147 

0.660 

Acapulco. . . 

25° N 

8.7 

122 

0.508 

Peru .... 

0° 

12.6 

103 

0.413 

Peru (45° E). 

0° 

22 (45° E) 

84 

0.310 


*) Because of the method used to adjust the curves taken at the stations 
in the first column on the left, these energy values are for these particular 
geomagnetic latitudes at longitude 80° W. 


In Table 14 is given a list of stations with their geomagnetic 
latitudes, the values of the minimum energy for protons permissible 
at the vertical as calculated from Fig. 28 using Eq. 1, and the areas 
under certain selected counter telescope curves. The value for 
Peru (45° E) was obtained by taking the two points at 45° E at 
235 and 310 gm.cm- 2 air pressure and constructing a curve that 
passed through these points. The position of the maximum and 
the slope of this ourve could be estimated by knowing how these 
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quantities changed with the momentum of the incident particles. 

In calculating the area in BeV cm -2 sec* -1 sterad" 1 , the values 
of specific ionization as taken from Fig. 3 were used, together 
with a value of 32 eV per ion pair. In Table 15 the differences in the 
areas between adjacent stations are given and these are plotted 



Fig. 32 - Former balloon counter telescope curves are normalized to present 
airplano data at 310 gm.cin - * air pressure. 

as a histogram in Fig. 33 for the energy limits given in Table 14. 
The ordinates, then, represent the energy per cm 2 per second being 
brought into the earth by particles whose energy lies between 
E and E + dE . By Liouville’s theorem, this is also the energy 
distribution in space. (The reasons for assuming protons only will 
be discussed later). 
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TABLE 15 


Stations 

A area, BeV cm -2 sec-* 1 sterad -1 

Saskatoon-Omaha . . . 

0.034 

Omaha-Ft. Worth . . . 

0.080 

Ft. Worth-Acapulco . . 

0.155 

Acapul co-Peru. 

0.095 

Peru-Peru (45° E) . . . 

0.103 


The blooks given in Fig. 33 are obtained from differences of 
curves and are therefore subjeot to considerably more error than 
the curves themselves. Further, the limiting energy for the particular 
station is also subject to some error. In comparing the present 
energy distribution -with that given by Bowen-, Millikan and 
Nehbb [1938] using their data from thin-walled ionization cham¬ 
bers, it is seen that the general shape is the same. The chief diff¬ 
erence is in the abscissa. 
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5. 3 Empirical relations 

It would be desirable to find an empirical expression that would 
represent the experimental data as well as possible. A simple 
power law such as E~ n obviously cannot represent the situation 
at low energies; hence it seems necessary to go to a more complicated 
expression. One that seems to fit the situation the best is given by 


(14) 


EN(E) = 


0.048 S 1 /, 
(1+0.09 J? 4 /.)”/. 


in BeV cm -2 sec -1 sterad -1 per BeV energy range. This curve is 
plotted in Fig. 33. 

The numbers distribution is therefore, N(E) and the number of 
particles with energies greater than E is given by $™N(E)dE. T his 
integral has been evaluated graphically and the results are given 
in Fig. 34. 



Pig. 34 - Intensity of incident particles vs enorgy, assuming only protons. 


In justification of Eq. (14) the following may be cited: 

(a) The expression may be integrated directly and gives a total 
energy for all particles of 0.418 BeV cm -2 sec -1 sterad -1 at 
the vertical in Peru. The experimental value is 0.413 as seen 
from Table 14. 
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(b) A similar integration for Bangalore gives 0.35 as against the 
experimental value 0.34. 

(c) Prom 0.4 BeV to oo it gives 0.787 as compared with 0.774 
for Saskatoon. 

(d) It gives a dependence on E of E~ 2 - 67 for the differential number 
distribution at very large E. This is within the limits of the 
exponent found by Hilberry [1941] to be necessary to 
explain extended showers. 

(e) It gives an'effective dependence on E of E~ 1A for the integral 
number spectrum in the range 2 to 12 BeV. This is the distrib¬ 
ution found necessary by van Allen and Singer [1950] to 
explain their results using rockets. 

(f) It gives a ratio in the total number of particles at 50° N and 
30° N of 3.4 compared with the value of 3.5 found for all 
primaries by Bradt and Peters [1950]. 

While the above distribution agrees well with the relative values 
found with rockets above the atmosphere by van Allen and 
Singer, their absolute value is a factor of 2 larger 3 . On the other 
hand, the presence of heavy nuclei in the primaries means that the 
calculated value, assuming only protons, will be high since each 
heavy nucleus brings in for large E more energy by a factor of Z 
than a proton which is just able to get to the earth at a given 
latitude. Expressing the ordinates in terms of nucleons instead of 
protons would be more nearly correct. The chief difficulty in this 
latter case is that the neutrons get a free ride. However, taking 
the data given by Bradt and Peters [1950] that the ratios of 
protons: a-particles: C, N, O: Z > 10 are 78: 20: 0.78: 0.22, we 
find that if these ratios hold for all latitudes the numbers of particles 
will be about two-thirds of what there would be with protons only. 
This makes the discrepancy with the directly measured value of 
van Allen and Singer even worse. The difficulty may arise from 
two factors (a) it is known that meson decay involves the loss of 
energy presumably in the form of neutrinos, and (b) there is an 

8 A good summary of values on the primary flux is given by Winokler, 
Stix, Dwight and Sabin [I960]. Their own data taken from 90 to 100,000 
feet at several latitudes is quite extensive and agrees with that of Singer 
and Van Allen when extrapolated to the top of the atmosphere in showing 
a similar factor of 2 at all latitudes. 
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unknown albedo effect above the main part of the atmosphere 
which may add to the values found with rockets or with instruments 
sent to high altitudes with balloons. 

We shall take the numbers, calculated from protons only, as 
correct and any future information on the two effects cited above 
may be used to correct these figures. 

5. 4 Consequences of the above distribution of cosmic ray energy 

Two features of the energy distribution of the primary cosmic 
ray particles should be pointed out. The differential energy distrib¬ 
ution as shown' in Pig. 33 seems definitely to pass through a 
maximum at 2 or 3 BeV (protons). This characteristic has been 
pointed out previously and needs to be taken into account in any 
theory of the origin of cosmic rays or their subsequent behaviour 
before arriving, at the earth. A second feature is the absence of 
any definite cut-off of the primary radiation at northern latitudes. 
Thus even though the energy brought in by particles whose energy 
lies between E and E + dE may go to zero for zero energy, the 
differential number distribution may still increase as E goes to zero. 

There are several experiments besides those cited above that 
bear on the cut-off of the primary radiation at high latitudes. 
Carmichael and Dymond [1939] sent balloons with an ionization 
chamber to 17 gm.cm -2 air pressure at ). — 85° N on August 3, 
1937. On August 14—17 of that same year, Bowen, Millikan and 
Nehkr [1938] made, flights at Saskatoon, Canada, with ionization 
chambers having very close to the same wall thickness as that used 
by Carmichael and Dymond. The two resulting curves, when 
fitted from 100 gm.cm -2 to sea level, show an apparent 5 % latitude 
effect at the maxima. This may bo a true latitude effect, or, as 
pointed out by Carmichael [1949] may bo due to somewhat higher 
field strengths and consequently a larger fraction of the ions 
collected from the heavily ionizing particles, in their case. At the 
most, howover, these experiments would permit a latitude effect 
no greater than 5 % between 60° N and 85° N. 

Howover, Pomerantz [lOfiO] finds an increase at very high 
altitudes of 40 % using counter telescopes with and without 
absorber between geomagnetic latitudes 52° and 69° N. These 
experiments were performed in the summer of 1949. 

That there are large fluctuations in the primary radiation at 
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high altitudes and latitudes is well borne out by the ionization 
chamber measurements of Mtlltcan, Neher and Pickering [1944] 
made in the s umm er of 1940. Using the same instruments as used 
at Saskatoon in 1937 it was found that at Bismarck, N. I)., the 
highest intensity reached was 470 ions cm -3 sec” 1 atm” 1 of air at 
30 gm.cm“ 2 and the curve showed no signs of turning over. This is 
25 % greater than the value found at the maximum of the curve 
for Saskatoon in 1937. This large increase occurred near the top 
of the atmosphere but there was still some increase as far down as 
500 gm.cm” 2 . It is significant, however, that the values in 1940 at 
San Antonio, X = 38° N, agreed with those of 1936. 

If the magnetic field of the sun were responsible for affecting 
the charged particles that can arrive from infinity, then one might 
hope to find a diurnal effect (which seems to be lacking) and 
perhaps a periodic effect depending on the solar,sun spot cycle. 

6. Some conclusions on the gross behaviour of cosmic rays 

IN THE ATMOSPHERE 

6.1 Introduction 

Numerous attempts have been made either (a) to predict the 
individual processes of absorption of the primary radiation in the 
atmosphere by knowing the over-all or gross behaviour, or (b) to 
predict the over-all behaviour, knowing the individual processes. 
Both courses of action have led to many incorrect conclusions in 
the past. The reasons have been a lack either in sufficient experi¬ 
mental information or in theoretical calculations. The absorption 
process and the nuclear reactions involved have turned out to bo 
much more complex than originally supposed and, in fact, to 
involve many entirely new processes. It is true, however, that 
once the individual processes are known it should, in principle at 
least, be possible to predict the gross behaviour. 

6. 2 Absorption in lead as a function of minimum momentum of 
the primaries 

If lead is added between the counter trays of a telescope (in our 
case between the second and third from the top) the particles or 
their charged secondaries that cannot penetrate that thickness of 
lead will be eli min ated. The ratio of those particles that arc not so 
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eliminated at a given depth in the atmosphere, to the total number 
of particles present gives a measure of the penetrating particles 
present. It might be supposed that this ratio would depend on the 
momentum of the primary, initiating particle. In Table 16 are 
given these ratios for given values of minimum momentum of the 
primary. 

TABLE 10 


Ratio of penetrating to total charged particles for selected values of minimum 
momentum of primaries 



2.5 BeV/c 

13.5 BeV/c 

23 BeV/c 




ea 

330 gm cm -2 

10.4 cm. lead . . 

0.30 

0.29 

0.28 

0.29 

20.8 cm. lead . . 

0.22 

0.23 

0.23 

0.25 


It is evident from these values that the fraction of particles that 
can penetrate 10 or 20 cm. of load is not strongly dependent on 
the energy of the primary particles within the ranges covered. 
There is some evidence that the higher energy primaries give rise 
to a somewhat larger fraction of secondaries that can penetrate 
20 cm. of lead than the lower energy primaries. 

It is of interest to calculate the numbers of penetrating and 
non-penetrating particles at a given depth in the atmosphere that 
result from a given number of primaries. This will be done in more 
detail in the next section for particles of given energies. Let us 
find the ratio of penetrating to non-penetrating particles at 45° E 
and 45° W at the equator at a vertical depth in the atmosphere 
of 235 gm.cm -2 . There are incident on the top of the atmosphere, 
according to Fig. 34, 0.0060 particles cm -2 sec -1 sterad -1 at 46° E 
at the equator. By the time this radiation has penetrated to 
235 cos 45° = 330 gm.cm -2 there arc 0.079 particles cm -2 sec -1 
sterad -1 that cannot penetrate 10 cm. of lead and 0.032 that can, 
according to Table 9. Thus the non-penetrating (we assume mostly 
electrons) particles have multiplied up by a factor of 16 and the 
penetrating particles by a factor of 6.4 (we assume mostly ju- 
mosons). On the other hand there are inoident on the top of the 
atmosphere, according to Fig. 34,0.016 particles cm -2 sec -1 sterad -1 
at 45° W at the equator. By the time this radiation has penetrated 


20 






306 


GEOMAGNETIC EFFECTS 


to the same depth, i.e., 330 gm.cmr 2 , there are 0.095 particles cnr 2 
sec -1 sterad -1 that cannot penetrate 10cm. of lead and 0.044 that can. 
The non-penetrating particles have thus multiplied up by a fact or of 
6.0 and the penetrating by a factor of 2.7. The ratio of penetrating 
to non-penetrating (using 10 cm. of lead as a dividing lino) is in 
this case 0.45 while at 45° E the similar ratio from above is 0.40. 
There is thus some evidence that as the energy of the primary 
increases the ratio of penetrating particles to non-penetrating at 
1 I S atm. decreases. 

This trend is consistent with the behaviour of the very high 
energy primaries that are responsible for the extended showers. 
For these particles the ratio of penetrating to non-penetrating is of 
the order of 0.02. (See Cocconi, Tongiorgi and Greisen [1949]). 

6. 3 Multiplicity of charged particles 

For every particle incident on the top of the atmosphere there 
will be a number m of charged particles at some depth in the 
atmosphere. If dj is the number of particles at a given depth in the 
atmosphere due to primaries whose energy (again assuming protons) 
lies between E and E + dE and dj° is the number of primaries in 
this same energy range, then m = dj/dj 0 will be the multiplicity 
due to particles of this energy. 

If we consider the data of Fig. 32 and take the intensity as a 
function of geomagnetic latitude we arrive at the curves of Fig. 35. 
These give the latitude effect for given depths in the atmosphere 
for the total radiation. 

We next plot these same curves vs. minimum energy (for protons) 
and arrive at Fig. 36. For comparison we plot on this same figure 
the derived integral number distribution of the primary particles 
as given originally in Fig. 34. To find the multiplicity we then 
divide the slope of one by the slope of the other at a given E. The 
results are shown on a double logarithmic plot in Fig. 37. The sea- 
level is obtained from the counter telescope data of Nkhbr and 
Pickering [1938] taken on a route passing from Japan to Singa¬ 
pore to Melbourne. 

The overall multiplicity rises to a factor of 7 for 10 BoV incident 
particles, the maximum occurring at a depth of about 150 gm.em~ a . 
For 10 BeV particles incident on the top of the atmosphere only one 
in ten results in charged particles that can reach sea-level.* 
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The azimuth experiments at the equator at 310 and 235 gm.cm~ 2 
allow extensions of these results to higher energies. These extensio ns 
all show a less rapid dependence of wi on the energy of the p rimar y 
particle than the latitude data. Indeed, for very large energy 
primaries such as are responsible for extended showers, the overall 



Fig. 35 ~ Intensity of the ionizing particles at the vertical for certain 
atmospheric <ioptliH. These curves arc taken from those of Fig. 32. 

multiplicity at sea level or mountain altitudes must increase about 
linearly with E. The reason for this is that a considerable part of 
the energy of the primary must eventually go into the electronic 
component which (as far as we know), according to shower theory, 
results in a number of electrons proportional to the energy of the 
original electron or y-ray. 
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Two derived results may be obtained from Fig. 37. The slopes 
of the lines give the multiplicity as a function of E for a given 
depth in the atmosphere. For sea level the multiplicity varies as 
-E 2 - 8 for the energy range covered. As pointed out above, this rapid 



Fig. 36 - Curves of Fig. 36 are plotted as a function of minimum energy 
(assuming protons) of the incident particles. Curve marked j® is the total 
number of incident particles with energies larger than E as taken from Fig 34. 
The extension of the 300 gm.cm -2 curve is derived from the azimuth data 

at the equator. 

dependence of the secondaries, that can reach sea level, on the 
energy of the parent particles, cannot continue. 

The other derived result is obtained by taking the multiplicity 
as a function of depth for a given energy of the primary. The results 
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are shown iii Kg. 38, Probable extensions of these curves are 
shown dotted. 

The 10 BeV carv© has a slope of 138 gm.cirv 2 at 500 gm.cm~ 2 
air pressure. To compare this with other results, we imy take the 
difference between the counter teLeseope data at Peshawar and 
Bangalore, India, where the meetn energy- of the primaries respon- 



Pig. 37 - Chrerall multiplicity, m, taa energy of the incident particles for 
certain depths h tho atmosphere. 
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sible for this difference is about 13 BeV. The slope of this line when 
plotted logarithmically is 150 gm.cm -2 at this same depth of 
500 gm.cm -2 . 



Fig. 38 - Multiplicity vs atmospheric depth for definite energies of the 
primaries (assuming protons). The dashed curves represent probable 

extensions. 

The 1 BeV line shows an absorption of about 65 gm.cm -2 . This 
is close to the mean cross-section for air nuclei. Such a rapid 
absorption means that few protons of 1 BeV energy will succeed 
in causing any effect at 1 / z atmosphere, or below. 

If the primary flux as derived from areas under ionization or 
counter curves is not correct by some factor, the ordinates of 
Figs. 37 and 38 must be changed accordingly. In particular if the 
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primary flux is that obtained by van Allen and Singer [1950] 
using rockets, then the ordinates of the plotted curves must be 
decreased by a factor of 2. 


6. 4 Consequences of dependence of multiplicity on energy of the 
primaries 

This dependence of the number of secondary particles on the 
energy of the primary has an important bearing on the percentage 
west excess found in the atmosphere. Thus the integral number 
distribution found in § 6. 3 indicates a ratio of 3 to 1 in the total 
number of primaries at the equator incident at 45° W to those at 
45° E. This does not mean a 100 % east-west effect will be measured 
in the atmosphere. Indeed, if one assumes a multiplicity which 
depends linearly on E , then the number of secondaries will be 
proportional to EN(E). This is just Eq. (14). Hence the east-west 
effect for zenith angle 45° will be, under this assumption: 


f EN(E) dE - f EN(E) dE 

2 t 103_23_ 

f EN(E) dE + J °EN(E) dE 

10.3 23 


0.40. 


We would thus expect a 40 % east-west effect at 45° zenith angle. 
The measured value with no lead absorber at 36,000 feet over Peru 
was 30 % and with 10 cm. of lead, 33 %, A slightly stronger 
dependence on the energy of the primaries as indicated by Pig. 37, 
would bring agreement with the measured values. 

The fact that measurements in rockets made by van Allen and 
Gangnes [1950] at the equator showed an asymmetry of only 
40 %, together with the balloon measurements of Winokler and 
associates [1950], who found an asymmetry of 0.53 at zenith 
angles 40—60° at 90,000 to 100,000 ft. are good arguments in favour 
of a rather large albedo, or general background, at or near the top 
of the atmosphere. 

7. Summary 


The attempt has been made to correlate a rather large variety 
of experiments having to do with the behaviour of the incident, 
charged particles in the magnetic field of the earth. In order to 
provide the necessary internal consistency, data taken with the 
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same, or similar apparatus only, were used. It is found that the 
experimental data and the calculations on the behaviour of charged 
particles in the magnetic field of the earth can he fitted into a 
consistent scheme. Also, a correlation of counter telescope and 
ionization data at various latitudes has permitted a more exact 
redetermination of the energy distribution of the primary particles. 
This distribution is found to be consistent with rocket flights as 
far as relative values are concerned, but is low by at least a factor 
of two in absolute value. Other results are derived for the overall 
multiplicity of charged particles and the absorption of the radiation 
in the atmosphere. 
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INTRODUCTION 


The purpose of this paper is to give a survey of the problem of 
the diffusion and of the equilibrium of the various components 
of the cosmic ray beam in the atmosphere. The subject has been 
treated from a phenomenological rather than from a theoretical 
point of view, because many features (for example, the cross- 
sections for nuclear interactions) are still insufficiently known, so 
that a comprehensive mathematical treatment cannot at present 
be satisfactorily carried out. Only the main components of 
cosmic rays have been discussed; their secondary effects, and also 
such topics as the geomagnetic effects, extensive showers and 
nuclear interactions have been either omitted or only mentioned, 
because they are the. subject of detailed analysis elsewhere in 
this volume. 

The authors have reviowed the literature available up to April 
1951, but not in a completely systematic manner on account of 
the limited time at their disposal, and they offer their apologies 
for any unintentional omissions. 

1. THE l’RIMARY' COMPONENT AT THE TOP OP THE ATMOSPHERE 

We begin our analysis with a brief review of tho experimental 
data known with sufficient certainty about the cosmic ray primaries. 
The importance of such accurate data is not only related to the 
problem of building up a descriptive picture agreeing with the 
phenomenology of cosmic rays in the atmosphere, but it is also 
of interest for various theoretical problems of nuclear physios, 
especially for the problem of interaction between highly energetic 
nucleons, for these phenomena cannot at present bo experimentally 
produced in cyclotrons, which are still operating near the limit of 
inelastic phenomena. 

The experimental data we are interested in are related (a) to 
the intensity and form of the primary spectrum, (£>) to the nature 
of the particles forming the primary beam. We first discuss data 
under heading (a). 
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1.1 Vertical data 

As is ■well known, the terrestrial magnetic field acts on a supposed 
isotropically distributed primary radiation (Vallarta, [1948]) 
approaching the earth, in such a way that it determines at any 
point at the top of the atmosphere, and for any direction of in¬ 
cidence, a minimum value for the momentum of particles such 
that particles having greater momentum enter with the same 
intensity that they would have outside the terrestrial magnetic 
field (Nehbr [1950]), whereas particles of lower momentum 
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Fig. 1 - Counting rate as a function of altitude for a single Geiger counter 
carried in a V2 rocket (Gangnes [1949]). 

(apart from considerations of the penumbra region) are prevented 
from reaching the earth. This minimum value, or “momentum 
cut-off” may be approximately taken as the lower limit of the 
integral spectrum of the incident particles, which is, for a particular 
kind of particle, a complicated function of latitude, longitude, 
zenithal and azimuthal angles defining the direction of arrival, 
as well as of the special parameters relating to the particle origin. 
This functional dependence may be used for the determination 
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of the primary spectrum using measurements in -which the con¬ 
sidered cut-off varies in a known manner as a function of one or 
more of these parameters (zenithal effect, total azimuthal effect 
and so on). But the experimental evidence least affected by 
secondary complications (allowance for which is not at all straight¬ 
forward) is obtained from the latitude effect of the vertical com¬ 
ponent, which, moreover, has the advantage of being independent 
of sign for primary spectra having the same form. 

Various measurements of the vertical and omnidirectional 
intensity have been carried out in recent years by means of rockets 
and balloons, the former allowing the exploration of the atmosphere 
up to 150 Km (Gangnes et al [1949]; Singer [1950ab]; van 
Allen [1950abc]). It was found that beyond the top of the atmos¬ 
phere measurements in the vertical direction (Singer [1950a]) or 
with detectors inclined at 45° (Gangnes et al. [1949]; Singer 
[1950b]; van Allen etal. [1950ab]) showed that the omnidirect¬ 
ional intensity measured by a single counter and the directional 
intensity measured with telescopes of rather poor directional 
definition rise to a maximum when particles enter the atmos¬ 
phere, and at high altitudes show a constant value probably 
corresponding to the primary flux (Fig. 1). 

These measurements, although interesting from an inductive 
point of view, are neither sufficient nor very reliable, because the 
large opening of the telescopes used, the rolling motion of the 
rockets and the short time of flight all reduce the precision of the 
experimental data. 

It seems necessary, therefore, also to consider the evidence 
obtained using balloons, for these observations, although influenced 
by the interactions of the primaries in the upper layers of the 
atmosphere (balloons have not reached altitudes higher than 
about 30 Km), are less affected by statistical errors, being derived 
over larger time intervals and with telescopes of smaller aperture 
(Pomerantz [1950]; WiNOKLER et al. [1950]). Data on the 
vertical intensity as a function of latitude, derived from the above 
mentioned experiments, are summarised in Table 1. 

As a control for the absolute value, the directional intensity aver¬ 
aged over all directions in latitude 41° and the directional value 
obtained by rockets using telescopes inclined at 45° are given in 
Table 2. 
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TABLE 1 


Geo¬ 

magnetic 

latitude 

W 

Flux of particles 
cm- 2 sec“ 1 sterad" 1 

Cut-off 

(protons) 

Author 

Depth 

0 

0.026 ± O.pOl 

15. BeV 

Winckler 1950 

15 gm.eirr* 

0 

0.027 ± 0.001 

15. BeV 

Winckler 1950 

15 gm.cm " a 

0 

0.031 ± 0.001 

15. BeV 

Winckler 1950 

15 gin.cm - * 

0 

0.028 ± 0.004 

15. BeV 

Van Allon 19506 

rookot 

20 

0.031 ± 0.001 

11. BeV 

Winckler 1950 

151'ln.fiiv'® 

28 

0.046 ± 0.001 

8.8 BeV 

Schein (unpubl.) 

J5 gm.rin" 4 

31 

0.046 ± 0.0015 

8.0 BeV 

Winckler 1950 

15 gm.cm -2 

38.8 

0.085 ± 0.003 

5.5 BeV 

Winckler 1950 

15 gm.em 2 

39.5 

0.068 ± 0.002 

5.3 BeV 

Winckler 1950 

15 gm.om 2 

41 

0.082 ± 0*002 

4.8 BeV 

Winckler 1950 

15 ^m.cnr s 

41 

0.073 ± 0.006 

4.8 BeV 

Van Allen 19505 

roekot 

50 

0.180 ± 0.02 

2.6 BeV 

Van Allen 19505 

rockot 

51 

0.22 ± 0.01 

2.4 BeV 

Winckler and 





Stroud (unpubl.) 

15 

52. 

0.17 ± 0.004 

2.2 BeV 

Pomorantz 19495 

top 

56 

0.23 ± 0.01 

1.5 BeV 

Winckler 1949 

15 ^m.cnr 3 

58 

0.29 ± 0.03 

1.2 BeV 

Van Allon 19505 

rnokot 

69 

0.29 

0.27BeV 

Pomerantz 1950 

top 


TABLE 2 


Io as 0.131 ± 0.005 particles see^cm-fyterad" 1 
I 45 o = 0.109 ± 0.006 particles sec~ 1 cm" 2 stora(l~ I 

1. 2 Secondary processes and asymmetries 

Although, various experimental results are available on the 
zenithal and azimuthal effects, they are not yet sufficient to provide 
a complete picture of the phenomena, beoaufso of the various 
secondary effeots which cannot be entirely separated from the 
principal event. At the top of the atmosphere, the directional 
intensity as a function of the zenith angle increases with the angle. 
At latitude 0°, averaging over all azimuthal angles, it is given 
approximately (van Allen and Gangnes [1950c]) by: 

J (6) = 0.028 (1 + 0.6 sin 0) 

an unexpected result, for according to geomagnetic theory (Val- 
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lak ta [1948]) the variation of the latitude cut-off as a function 
of zenith angle leads to the expectation that the intensity will 
decrease with increasing zenith angle. Moreover, measurements 
of the East-West effect (a consequence of the general azimuthal 
variation) give far too small a value with reference to that expected 
from geomagnetic theories on the hypothesis of positively charged 
primaries initially distributed isotropically. 


TABLE 3 

Inclined flux data for latitude 0°, 45 s zenith angle 


Azimuthal 

Particles 

Cut-off 

angle 

cm“ a sec“ 1 sterad’' 1 

(protons) 

00 

-ji 

o 

0.031 ± 0.003 

23 BeV 

208° 

0.048 ± 0.003 

11 BeV 


Tentative hypotheses of a negatively charged primary have 
been made on the basis of these results, for it is clear that the 
presence of negative primaries would reduce the East-West 
asymmetry and also modify the zenith angle effect. Before dis¬ 
cussing the possibility of negative primaries, we will consider the 
contribution to these effects of the radiation diffused backwards 
(albedo), and also effects arising from the multiplication of primaries 
in the residual depth of the atmosphore, which will vary with the 
latitude cut-off and zenith angle. The possible effect of lateral 
soft showers has, of course, also to bo noted. 

The East-West asymmetry, n, is defined by the relation: 


a = 


Xy — Ia 
hv +Ijt 


When, in addition to the primary radiation secondaries are also 
present, the quantities I w and I s must bo replaced by I w + kj. w 
and I a + h % l, respectively, where \ and h t are the mean multi¬ 
plication coefficients for primaries in collisions with the nuclei of 
the atmosphore. These moan values are increasing functions of 
the energy. Since the cut-off in easterly directions is higher than 
that in the west, it follows that k 2 will be larger than Jt^ and, there¬ 
fore, the asymmetry with respect to that of the primary radiation 
will be reduced. 

The coefficients may bo approximately estimated from the 


21 
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transition curves of the vertical component in equivalent latitudes, 
that is to say in latitudes for which the vertical energy cut-off is 
respectively equal to that of the East and West components under 
consideration (Winokxbr et al. [I960]). The transition curves have 
the form shown in Fig. 1. 

The problem of the albedo is complicated, and a firm estimate 
of its contribution to the measurements already dismissed would 
require accurate knowledge of cross-sections and angular distri¬ 
butions which is at present not available. No accurate calculations 
have, therefore been carried out, but preliminary estimates have 
been made by Swann [1950]. 

1. 3 The primary spectrum 

Having emphasized the importance of multiplicative processes 
and of the albedo, the question arises of the way in which these 
may influence the vertical measurements of intensity upon which 
our knowledge of the primary spectrum must be based. As we 
have indicated, however, we are at present unable to make useful 
progress. It is generally assumed that the data given in Table 1 
and incorporated in Fig. 2 are not seriously affected by those 
corrections, and that therefore the result in Fig. 2 is fairly acceptable 
up to the maximum cut-off in the vertical direction, about 15 BeV. 
At higher energies, information on the form of the spectrum can be 
derived either from data on extensive showers or from measure¬ 
ments of underground absorption. However, this extrapolation is 
not free from objection, for in the former case the values would 
strictly depend on the generation model assumed for the showers, 
and, in the latter, on the behaviour of the cross-sections involved 
in meson production. If one assumes that the dependence on the 
chosen model is not sensitive, and that the relevant cross-sections 
depend only on the fractional energies, it is found that the behaviour 
of the spectrum deduced from showers appears to be that of a 
power spectrum of negative exponent about —1.7, while from 
underground absorption evidence the power spectrum has an 
exponent —1.6. The energy range in the formor case is beyond 
10 4 BeV and in the latter case is limited to between 10 2 and 10* BoV. 

The results for energies between 1 and 15 BeV, i.c., in the range 
of energy for which the spectrum is fairly well known, may be 
summarized in the following way: 
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Fig. 2 - Integral number-energy spectrum from flux measurements by vari¬ 
ous workers at high altitude. The spoctrum given by Hilberry for air show¬ 
ers, withy as 2.7, is joined to form a continuous curve. (Westokler [I960]). 

(a) the spectrum may be roughly approximated by a power law 
of average negative exponent — 1.1, but inspection of the 
curve shows that its behaviour is better represented by the 
following relation 

«<•»> - TSTMv 

with the coefficients A and B properly chosen. 

(b) at very low energies, ~ i BeV, the form of the spectrum 
cannot be exactly determined because of instrument cut-offs 
which are comparable with the energies of the incident 
particles; however, recent experiments (Pombrantz [1950]) 
show that between 50° N and 69° N the intensity filtered 
through 0.1 — 7.5 cm. of lead and measured at the residual 
pressure of about 5 gm.orn - ® increases by 30 — 40 %. 

This result is. significant, because it gives a negative answer to 
the hypothesis of a latitude cut-off on primaries above 50° 
(Cosyns [ 1936]), which was attributed to the solar magnetic field 
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(Janossy [1950] p. 300) but at present it does not give much 
help towards determ inin g the actual form of the spectrum at very 
low energies. 

1. 4 Discussion on the hypothesis of primary electrons 

The spectrum of the primary radiation has been derived from 
experimental evidence concer nin g the vertical intensity and without 
any hypothesis on the nature of its components. This is acceptable 
provided one supposes that one component predominates. This 
hypothesis is sufficiently close to the truth for most problems we 
are going to discuss; in fact, experiments have shown that the 
primaries are essentially protons, together with a certain admixture 
of heavier nuclei. Before going into details about the accepted 
primary beam, it is first convenient to discuss the direct and 
indirect evidence which seems to exclude the existence of a primary 
electronic component of both signs, or at least, of a negatively 
charged component. 

The hypothesis that the origin of the soft component in the 
upper part of the atmosphere is different from that of the hard 
component and is caused by primary electrons of high energy 
has frequently been assumed, for the cascade theory provides an 
elegant and helpful theoretical tool by the aid of which, through 
a proper choice of the spectrum of the incident electrons, it is poss¬ 
ible to give a satisfactory account of the electron and photon 
spectra at any height, for thait fraction of tho electron-photon 
component in the atmosphere which remains when tho contribution 
of the secondary soft component generated by the hard component 
in knock-on and decay processes has been subtracted (Bkrnardini 
et al. [1948]). Besides, the lack of an appreciable East-West asymm¬ 
etry of the soft component at great heights, which is character¬ 
istic of the hard radiation, supported the view that they had an 
independent origin and suggested the hypothesis of soft primaries 
formed by an equal number of electrons and positrons (Jakohhv 
[1950] p. 313): 

Finally, a model according to which the electron-photon com¬ 
ponent might be generated simultaneously with tho mesonic 
component by the primary nucleonic radiation appeared in the 
past to be very problematic and obscure. However, in tho last two 
years, the picture has been substantially modified and n now 
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phenomenological scheme is supported by the following experimental 
evidence. 

(a) Experiments have been carried out in order to give direct 
evidence of the presence of highly energetic primary electrons in 
the upper part of the atmosphere (Hulsizer and Rossi [1948]; Rossi 
[1949b]). One experiment was based on the frequency of ionization 
bursts in a lead shielded ionization chamber operated at a height 
corresponding to a residual pressure of 20 gm.cnr -2 . The number 
of particles responsible for an event of the required kind (where 
at least 80 ionizing secondary particles are necessary) was found 
to be very low. In this way it has been possible to estimate 11 % 
as the upper limit for the relative abundance of primary electrons 
in comparison with the total primary radiation. In this number of 
electrons, photons are also included because they may produce a 
similar effect. Another experiment (Critohfibld et al. [I960]) was 
based upon 1625 random expansions of a Wilson chamber operated 
at a residual pressure of 20 gin.cm -2 and containing lead frames 
within which electrons of energy 1 BeV would originate visible 
showers. Taking into account both the finite fraction of the residual 
atmosphere above the experimental arrangement and the linear 
dimensions and aperture of the apparatus, and on the basis of 
the observed showers not accompanied by penetrating particles, 
the authors estimated as the upper limit of electrons, having an 
energy higher than 1 BeV, 0.2 % of the whole primary flux. 

(b) The East-West asymmetry of the total radiation and of 
the hard component has recently been measured at various heights 
and latitudes by many authors (Bihjhl et al. [1949]; Barber [1949]; 
Sorbin et al. [1948]). The results of these measurements performed 
with counter telescopes revealed, in contradiction to the earlier 
work, an East-West asymmetry for the soft component the absolute 
value of which appears to be a little lower than that of the pene¬ 
trating component, although it is probable that various correcting 
factors, like angular scattering due to the generation processes 
and the effects of the terrestrial magnetic field, are responsible for 
the observed differences. 

(c) For completeness, it may bo pointed out that evidence 
against the existence of highly energetic electrons has also been 
given by investigations on the specific ionization of primaries 
(Singer [1949]). The value found is in accordance with a protonic 
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and nuclear composition of the primary radiation, but it is too low 
if a sensible electronic component is included as a part of the 
primaries. 

A satisfactory model for the prodcution of the electron-photon 
component in nuclear collisions of the heavy primaries has recently 
been suggested. This model, the details of which will be discussed 
later, provides that when highly energetic nuclear collisions occur, 
not only are charged mesons of both signs produced, but also 
neutral mesons, which will be indicated as n°. The mean life of n°. 
is much shorter than that of the charged mesons, and of the 
order of 10 -u sec. The neutral meson undergoes decay into two 
photons. 

Summarizing, the hypothesis of primary electrons and oven 
that of any energetic electrons from which the extensive showers 
are derived are seen to fail in the light of the experiments con¬ 
sidered, quite apart from the difficulty, when known processes 
are considered, of explaining how electrons can acquire energies 
of the order 10 1B — 10 16 ev. in interstellar space (Fermi [1949]). 
On the other hand, the experimentally verified presence of mesons 
and nucleons in extensive showers (Greisbn et al. [I960]; Frbttbr 
[1949]; Cocooni et al. [1949b]; Mtxra etal. [1947]) suggests strongly 
that these showers also originate in nucleon collisions. The processes 
whereby mesons, secondary nucleons and electron-photon cascades 
are generated in primary nuclear encounters are known, and 
while it is not necessary to exclude the possibility of some contri¬ 
butions to the heavy particles from extensive showers derived 
from the electron-photon component, such a contribution can 
hardly be more than secondary. 

According to this point of view, (Cooooni [I960]) the generation 
of an extensive shower should not be considered as qualitatively 
different from thpse events which generate the main electron- 
photon component and the ^-component. The only difference 
would be a mere instrumental one, in the sense that only when 
very concentrated events are detected is it possible to verify that 
coherence in the origin of the various components which represents 
the general phenomenon. 

1. 5 Discussion on the hypothesis of negative primaries 

The low value of the azimuthal effect at high altitudes, may still 
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arouse the suspicion that there is some contribution to the pri¬ 
maries from an unspecified negative component, which, since 
electrons (see § 1.4) and unstable particles for obvious reasons are 
both clearly excluded, would have to be supposed to be, at least 
on our present knowledge, negative protons, the existence of which 
seems to be possible on the lines of a formalism similar to that of 
Dirac. If negative protons are supposed to behave at relatively 
high energies as do ordinary protons and neutrons, i.e. if they 
produce mesons through nuclear collisions and only at lower 
energies undergo the annihilation process, since at sea-level there 
is a considerable positive excess in the meson component, it seems 
an acceptable conclusion that the fraction of these negative protons 
cannot be very large. Since the primary charge is distributed over 
a rather limited number of charged mesons (about 4) having both 
signs, it is easy to deduce that the absolute value of the positive 
excess (about 25 %) is in agreement with the hypothesis that the 
whole primary radiation is formed by positively charged particles. 
Of course, this conclusion refers to that part of primaries which 
generate mesons. On the basis of a detailed research on the East- 
West effect of the positive excess, it should be possible to reach 
more definite conclusions, although the effect of the terrestrial 
magnetic field on the particles makes the interpretation of the 
experimental data rather complicated (see § 4. 4). 

According to the experimental evidence thus far available, the 
East-West effect of the positive excess can be explained completely 
on the basis of the deflection caused by the terrestrial magnetic 
field (Groetzingbr and McClure [1950]) acting on the /^-particles, 
and this supports the conclusion that the contribution to the 
primaries due to negative protons is really insignificant. 

Further information may be derived from the analysis of the 
total azimuthal effect of the penetrating component at sea- 
level. As has been pointed out by Vallarta [1939], the penumbra 
phenomenon on the primary spectrum at intermediate latitudes 
gives supporting evidence about a fine azimuthal structure for the 
intensity of the hard component, which is, according to observations, 
localized into the NW quadrant for positively charged particles. 

1. 6 Heavy nuclei in the primary radiation 

The existence of a considerable fraction of heavy nuclei having 
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a charge greater than 1 (Bradt and Peters [1950a]) has been 
established in the primary radiation. The primary nature of these 
particles is proved by the fact that the experimentally deter¬ 
mined charge may be higher than that of air nuclei; moreover, 
the abundance of the heavy nuclei has been found to be strongly 
dependent on the transversed atmospheric layer as well as on the 
geomagnetic latitude at which they are observed. An accurate 
examination of this evidence allows the conclusion that these 
nuclei enter individually, and completely stripped of electrons 
(Bradt and Peters [1950a]) into the earth’s magnetic field, which 
effectively acts upon them. 

The problem of the presence of heavy nuclei and that of their 
relative abundance is strictly related to the problem of the origin 
of the cosmic radiation and it is hoped that the solution of the 
former question will shed light on the latter, although at present 
neither accurate experimental data nor detailed theories are 
available, so that definite conclusions cannot be drawn. The only 
conclusion that can be reached at present is that the relative 
abundance of heavy nuclei is comparable with the relative abund.- 
ance of the elements in the universe (for instance, the appreciable 
abundance of iron and the probable absence of some elements 
like Be, B, Li). 

The information about heavy nuclei which is of interest in the 
phenomenology of the cosmic radiation in the atmosphere is the 
relative abundance of other nuclei with reference to protons and 
the energy spectrum. In the following table the intensity of 
particles of different kinds is given at geomagnetic latitude 30° 
(Bradt and Piters). 


TABLE 4 

Bata on the primary flux at 30° N. latitude 


Nuclei 

particles 

m^sec.^sterad- 1 

' % Of 
particles 

nucleons 

m -2 sec.“ 1 sterad.“ 1 

’”%o r 

nucleons 

Proton .... 

356 

79.0 

356 

45.0 

Helium .... 

90 

20.0 

360 

45.3 

0, N, 0. . . . 

3.5 

0.78 

49 

6.2 

Z > 10 . . . . 

1.0 

0.22 

28 

3.5 

TOTAL. . . . 

450.0 

100.00 

793 

100.0 


The number of incident nucleons bound in heavy nuclei is about 
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one half of the total number of particles and it follows that almost 
one half of the nucleons in the atmosphere are derived from the 
heavy component. In particular, 25 % of the nucleons in the 
primary radiation are neutrons. 

Information on the form of the spectrum may be based on the 
latitude effect. From experimental data at different latitudes 
(Vallarta [I960]) the value 1.64 for the exponent of the power 
spectrum has been derived, which is, in the energy band con¬ 
sidered, not very different from that for protons (Winokler 
[1950]). However, the value reported above should not be con¬ 
sidered definite. 

Because of collisions with atmospheric nuclei, the heavy particles 
are broken up and give rise to fragments of smaller size and to 
free nucleons. The mean free path which characterizes these 
collisions depends on the kind of colliding nuclei; and decreases as 
the atomic number increases. This supports the approximate 
derivation of the cross-sections concerning this kind of collision 
by adding the square of the radii of the incident nucleons and of 
the air nucleus. The collision cross-section has the following form: 

a = 7t(r n + r a — 2Ar) % 

where r n and r a are, respectively, the radius of the colliding 
particle and of the air nucleus and Ar is a correction factor which 
takes into account the inefficiency of glancing collisions (Ar ~ 
0.85 10~ 13 cm.). 

The values of range which have been experimentally obtained 
are in close agreement with those calculated with this formula, 
as is shown in Table 5: 


TABLE 5 


Range of heavy nuclei m air (gm.cm~ 2 ) 


z 

6-8 

10-18 

~2G 

Experimental . . 

35 ± s 

25 ± 5 

19 ± 6 

Theoretical . . . 

(34) 

(25) 

(18) 


The table shows that the heavy component is very rapidly 
absorbed as compared with the proton component, the mean free 
path of which is (50 gm.cm~ 2 (while the attenuation of protons is 
even slower, with range ~ 120 gm.cm~ 2 ). 
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A very prominent day-night effect of the order of 100 % (Lord 
and SoHursr [1950a]) has been reported for heavy nuclei of Z > 2, 
which supports the conclusion that in these phenomena the sun 
has an important influence, and this daily variation would affect 
the secondary components. The estimation of the influence of 
this effect leads to the same order of magnitude (3 %) for the 
daily effect, which is observed on the /^-component at sea-level. 

2. COSMIO RADIATION UNDERGROUND 

The intensity of the cosmic radiation has been measured at 
various depths, underwater and in mines, down to depths greater 
than 1400 m. of water. 

Measurements have been carried out with ion chambers, Wilson 
chambers and coincidence counters. Beoause of the relatively 
great intensity of local effects, experiments which impose direct¬ 
ional conditions on the accepted beam are to be preferred. 



Fig. 3 — Decrease of cosmic ray intensity in rook (m.w.e.). • day and Gemert, 
X Wilson, -K Kolhorster, *B Bamothy and Forro. 

From coincidence measurements, the behaviour of intensity 
as a function of depth is given by the graph, Fig. 3, which has 
been interpreted by supposing that the intensity decreases with 
depth according to a power law, the exponent of which is approx¬ 
imately 1. 7 between 0 and 300 m. of water, and — 2. 7 between 
300 m. and 1400 m. of water. It follows that the curve appears to 
change at a point roughly corresponding to 300 m. water. Several 
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explanations have been proposed in order to explain this circum¬ 
stance; in particular, a plausible interpretation based on the 
phenomena responsible for the generation of the //-component 
(Greisen [1948] and [1949]) has been advanced (see § 9. 3). 

The primary penetrating component must be assumed to be 
almost entirely composed of energetic ionizing //-particles. The 
following experiments support this conclusion: 

(a) the absorption curves versus depth have been compared with 
those obtained under layers of lead (V. C. Wilson [1939]). 
The ionizing nature of the primary component has been tested 
by the fact that both curves are identical with reference to 
a given value of depth expressed in gm.cm -2 . It has also been 
convincingly demonstrated that the presence of secondaries 
consisting of a hypothetical non-ionizing component (Bar- 
nothy andFoRRO [1939,1940]) shouldbe ascribed (Miesowicz 
et al. [1950]) to a residual radio-activity generated by low 
energy gamma-rays. 

(b) Wilson chamber experiments (V. C.Wilson and Hughes [1943]; 
Tiffany and Hazen [1950]) have confirmed that the vertical 
beam is formed only by //-particles and by the electron-photon 
component in equilibrium with them; furthermore, no evid¬ 
ence has been obtained about physical events which could 
not be interpreted on the basis of the well-known model 
accor din g to which, through bremsstrahlung and knock-on 
processes, the electron-photon component comes into being. 
The secondary electron-photon showers become more and 
more dense as greater depths are considered, because at great 
depths only very energetic particles arrive; the ratio of the 
soft to the hard component therefore increases with depth. 

Experiments with photographic plates, which are particularly 
sensitive to certain phenomena of the propagation of the beam 
underground, have substantially confirmed the previous descript¬ 
ion; in addition they have allowed the detection of particular 
details such as the production of stars by //-particles in flight 
(George and Evans [I960]) and at the end of their range 
(George and Evans [1951]). In the former case, the star pro¬ 
duction has presumably to be ascribed to electromagnetic inter¬ 
action, and in the latter to a Fermi interaction. 
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These phenomena have been mentioned only for the sake of 
completeness and in this paper they will not be taken further 
into consideration. 

3. Cosmic rays in the atmosphere 

The available data concerning the cosmic radiation incident 
from outer space on the top of the atmosphere, and those con¬ 
cerning the component detectable underground, have been account¬ 
ed for by a simple description of the phenomena occurring in these 
two regions; but much more complicated problems have to be 
solved when the phenomena are studied in the intermediate region, 
that is to say in the atmosphere. In fact, because of the nucleonic 
interaction with the nuclei of the atmosphere, the primaries falling 
on the earth give rise to many different secondary components, 
which are differently absorbed in the atmospheric layers; the 
absorption is strictly dependent on the nature of the particles and 
on their energy, so that only a little below ground level the least 
absorbable component alone may be detected, i.e. the //-component, 
to which the whole of the underground events should be ascribed. 

Before discussing the main problem concerning the equilibrium 
of the cosmic rays in the atmosphere, that is, the genetic relation 
among all the secondary components, it is convenient to analyse 
the experimental evidence thus far obtained concerning the main 
secondary components and also to point out some doubtful factors 
the explanation of which would be of great importance in the 
completion of our present experimental knowledge. 

The phenomenological distinction between the “hard” and the 
“soft” component with reference to the layer of lead they can 
penetrate has been followed since the pioneering researches on 
cosmic rays. Now, in the former “hard radiation”, the /j- com¬ 
ponent, the nucleonic and the ^-components have to be distinguish¬ 
ed. The last two of these are usually considered together as the 
“N-component”, because actually the ^-component cannot be 
clearly distinguished from the nucleonic. The “soft” component, 
on the contrary, is formed by a preponderant fraction of photons 
and electrons and also by smaller fractions of mesons and slow 
protons, which are stopped in thin absorbing layers. 

Since the most reliable data thus far available generally refer 
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to measurements at sea-level, we shall first take into account the 
sea-level data concerning each component. The three principal 
components, the fi , the electron-photon and the N-component, 
will then be described in that order. 

The /^-component can be considered as the best known, and 
some of the data referred to it are the only ones which are likely 
to be retained as really accurate in the whole field of cosmic rays; 
furthermore, its diffusion in the atmosphere is perfectly inter¬ 
preted on the basis of well-known phenomena. 

The diffusion through the atmosphere of the electron-photon 
component is well understood from the theoretical standpoint, 
but data on its behaviour are scarce in recent literature so that 
it may be considered as still not well defined. On the other hand, 
data on the N-component are very numerous, but are not of a 
decisive kind, for the interactions originated by it do not allow a 
detailed description on theoretical lines. 

3.1 Experimental data at sea-level 

Measurements of the intensity of the ionizing component are 
made with coincidence counter telescopes; the deduction of the 
absolute value is dependent bn the estimate of the effective 
geometrical cross-section of the experimental arrangements used 
and of the efficiency of the counters (Montgomery [1949]; 
Pomerantz [1949b]); spurious coincidences and the contribution 
of lateral showers must also be evaluated (Greisbn [1943]) and 
allowed for. 

We shall take into consideration only experiments reported in 
the last two years; the reader is referred to the Rossi review [1948] 
for information on researches performed before 1948. 

The value of the vertical intensity of the ionizing component 
under 167 gm.cm~ 2 lead, at a latitude 50° N and at a pressure of 
740 mm. has been given by Greisen, (0.82 ± 0.01)* 10~ 2 cm^sec -1 
sterad" 1 . This value, quoted by Rossi, has been confirmed in 
counter experiments: for example, Pomerantz [1949b] obtained 
the value (0.82 z \z 0.01) undor 157 gm.cm" 2 lead at 52° N and at 
the pressure of 756 mm., and Kraushaar [1949], with 138 gm.cm~ 2 
lead obtained (0.887 ± 0.005). We shall consider as acceptable 
with accuracy of a few per cent the v.alue I % = 0.83,.x 10“ 2 
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om -2 sec -1 sterad -1 for the vertical intensity /„ at sea-level and at 
northern latitudes. 

The statistical precision indicated by the various authors is 
not really significant because discrepancies of the same order of 
magnitude between different experimental values should actually 
be expected if random variations of cosmic ray intensity are taken 
into account. 

The value chosen by Rossi for the total intensity, on the basis 
of Greisen’s measurements is (1.14 ± .01)- 10 -2 cm -2 oec~ x Bterad -1 , 
which is in fairly good agreement with the following values: 
(1.18 ± .01)-10 -2 at latitude 40° N. and 760 mm. pressure (Mont¬ 
gomery [1949]), and (1.24 ± .01)-10~ 2 at latitude 62° N., 766 mm. 
pressure under 4.4 gm.cm. of counter wall (Pomerantz [1949b]). 
Assuming tentatively Montgomery’s value to be correct, and sub¬ 
tracting from it the value of the penetrating component, one 
obtains the value 0.36-10 -2 cm -2 sec -1 sterad -1 for the vertical 
intensity of the so-called soft component; this value includes not 
only the usual components, but also all particles of total range less 
than 167 — 167 gm.cm -2 . 

The contribution of low energy particles may be calculated by 
determining the fraction of them which is stopped per gm.cm -2 
in lead. This quantity may be determined by several methods 
using counter arrangements. In Fig. 4, the top telescope (AB) 
selects particles having a range larger than a certain value, 
an absorber, S, placed close below the top telescope stops that 
fraction of particles the range of which initially was included 
between R and R + AR. Another group of counters (C) may be 
used in the following ways: 

(i) in coinoidenoe with group (AB); on evaluating the difference 
between events of type (AB) and those of type (ABO), the 
number of particles stopped in S is obtained. 

(ii) in antiooincidenoe with group (AB); from the number of 
events (AB — C) the number of particles stopped in S is 
obtained directly. 

(iii) in delayed coincidence with group (AB); from the number 
of events (AB + C), the number of ^-particles which, brought 
to rest in S' give rise to deoay particles detected in (C), is 
immediately deduced. 
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From the values obtained by these three methods, it is possible ' 
to derive the number of particles having initial range between R 
and R -t- AR which are stopped per gm.cm~ 2 in S. 




c 

D 


side view t__i 

10cm 

Fig. 4 - Experimental ‘arrangement (Sands). 

The results obtained by these methods are not in good agreement, 
for they depend upon different geometrical configurations; in 
particular the method of delayed coincidence gives, for reasons 
not well understood, values which are consistently lower than 
those obtained by the other two methods. Considering values 
obtained by several different methods, (Rossi [1948], Sands 
[1950], Oonvjsesi [1950]) we adopt the value 5.6 x 10 -6 cm -2 sec -1 
sterad -1 per gm.cm -2 of air, that is, 4.5 x 10 -4 of the vertical 
intensity. Moreover, since 157 — 167 gm.cm -2 of lead correspond 
to about 80 gm.cm -2 air, the correction term will be 0.05 x 10 -2 
cm -2 8ec -1 sterad -1 , supposing that in this region the range spectrum 
is flat (Rossi [1948]). Hence: 

I»oft = {1.18 — (0.83 + 0.05)} 10 -2 = (0.30) 10 -2 cm -2 sec -1 sterad -1 . 
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This residual fraction, rapidly absorbed in up to 10 or 15 cm. lead 
consists mainly of electrons with a few slow protons. 

4. Thh /^-component 

In the preceding section, we reported values of the vertical 
intensity of the ^-component at sea level and in northern latitudes. 
The directional intensity is a function of various parameters 
related to the geomagnetic coordinates (A, %) and to the coordinates 
{•&, <p) defining the direction of incidence with reference to the 
vertical and the magnetic North. 

All of these more or less complicated functional dependences 
are usually condensed into groups of effects: the latitude effect, 
the longitude effect, the East-West effect and the total azimuthal 
effect. Each of these effects can be related to the others, (Neher 
[I960]), and they together strongly support the hypothesis that 
the particles observed are descended from positively charged 
primaries. With reference to the problem of the equilibri um of the 
cosmic ray components, we are mainly interested in the variation 
of the vertical intensity with height, and in the energy distribution 
of particles. 

4.1 Intensity-height distribution 

At 4500 m. above sea-level (616 gm.cm -2 ) under 157 gm.cm -2 and 
167 gm.cm -2 lead, the absolute value of the intensity has been 
found to be respectively (1.90 ± 0.03) -10 -2 (Pombrantz [1949b]) 
and (1.88 ± 0.03) *10 -2 (Gbbisbn [1948]). The ratios between the 
values at sea-level and those obtained at 4500 m. are respectively 
0.443 ± 0.009 and 0.437 ± 0.007, in good accord with the value 
0.44 ± 0.04 found by Rossi, Hilbeery and Hoag [1940]. 

Determinations at higher altitudes in airplanes and balloons 
(Pomerantz [1949a]) allow the plotting of typical intensity- 
height curves (Pig. 5) for the ionizing radiation filtered through 
various absorbing layers. 

It appears that the total radiation passes through a mairimnm 
at about 200 gm.cm -2 pressure, whereas the radiation filtered 
through layers thicker than 6 cm. lead does not show a mayimum i. 

1 See, however Vidaie and Schein, Phys. Rev. 81, 1065 (1951); Hi'mii™. 
results have been obtained by Bhabha and by Dymond (private communi¬ 
cations). Editor. 
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The position of the maximum is connected with the secondary 
component derived from the hard component, while the absence 
of it for /^-particles should be related to the spectrum at formation 
of jr-mesons, ancestors of the w-partides. Since the ^-particles do 
not interact with the nuclei of the atmosphere, and their absorption 
is only by ionization and by decay to electrons, it follows that 
there is no close relation between /^-particle production and their 
apparent absorption, while, of course, such a relation would exist 
for a component rapidly absorbed. 



Fig. 5 - Intensity va altitude curves with 0, 6, and 18 cm. of lead. The 
points of Schein and Allen, with 18 cm. lead, have been fitted to the others 
at 760 mm. Hg, in conjunction with absorption measurements at sea level. 

(Pombbantz [1949a]). 

This is well shown, since while the electron-photon component 
in the intermediate atmosphere (between 400 and 700 gm.em -2 , 
whore, on the one hand, the transition effect of the high atmosphere 
is not very important, and on the other, the production of electron- 
photon secondaries by the hard component and in equilibrium with 
it is still negligible), has an absorption length 123 gm.em- 2 , the 
/^-component has ono of 340 gm.em -2 , in spito of the fact that both 
are derived from the nucleonic component of absorption length 
125 gm.em -2 . 

Low energy /^-particles are probably always locally generated 
for at these energies the short mean life (2.2 x 10 -6 sec.) does 
not undergo the relativistic time dilation whioh determines the 
behaviour of the high energy particles. Fig. 9 shows the relative 
efficiency of production of the various ■ levels of the atmosphere 


22 
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above that at which the low energy particles are detected. It 
follows that direct measurements of this component allow the 
rate of production to be determined. Sands’ data (Sands [I960]) 
on meson production may be represented by an exponential law of 
absorption length 126 gm.cm -2 . On comparing these measurements 



Fig. 6 - Range distribution of /t-meson at production (Sands). 


with those of the spectrum at sea-level where generation has 
practically ceased, and supposing that the particles undergo only 
slowing down processes and spontaneous decay, it is possible to 
deduce. (Sands [I960]) a distribution function (Pig. 6), which is 
given by 


(1) S(x, t) = 0(b) exp (- t/JR) 

with reference to unit intervals of time and path. 

In order to have an adequate analytical representation for the 
function 0(x), one assumes as trial functions: 


<?(*)- 


X7 V , 

x-r, 


x < x 0 

X >X 0 


; G(x) 


A 

(B+x)v 


and linear combinations of them. By integration of equation (1) 
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the total number of //-parti oles generated in the atmosphere is 
(Sands [1950]): 

N = 0.4 cm -2 sec -1 sterad -1 , 
and their total energy: 

W = 2.95 m 0 c 2 cm -2 seo -1 sterad -1 , 
or 7.4 nioC 2 per //-particle. 

4. 2 The spectrum at sea-level 

It has already been pointed out that the energy spectrum at 
sea-level is accounted for in terms of the production spectrum, 
the slowing down effects and //-particle decay in the atmosphere 
from the point of generation down to the level of observation. 

According to a unidimensional model, the spectrum is given by 
the diffusion equation 

( 2 ) ^ = 

where b = S(s, t) is the production function, $ = 1 is 

the constant ionization loss per “Heitler unit”, H = 8 Km. is the 



Fig. 7 - Differential momentum spectrum at sea level (Glaser [I960]). The 
broken curve shows the data before correction for instrumental cut-off. 
A possible anomaly at 3 BeV/c is shown dotted. 
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height of the homogeneous atmosphere, and r 0 is the mean life at 
rest of the /^-particles. The behaviour described by (2) is in accord¬ 
ance with the experimental data of Figs. 7, 7a and 8. 



Fig. 7a - Differential momentum spectra of fx particles. 

i v • [cm -2 sec” 1 sterad” 1 (MeV/c)” 1 ]. 

Figures on curves are of atmospheric depth in gm.cm” a . 



Fig. 8 - Differential range spectra of \x particles. 4$ (gm^sec^sterad” 1 ). 
Figures on curves are of atmospheric depth in gm.cm” 2 . 
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The flat form of the range spectrum at low energies is essentially 
determined by decay, as becomes clear if one considers the 
probability of survival of ^-particles having different energies and 
generated at various depths, and the efficiency,of ^a-particle product¬ 
ion at different depths (Fig. 9). For low energies at sea-level, in 
spite of the attenuation of the process of ^-particle formation 
through the atmosphere, the effect of decay is so strong that only 
particles locally generated or, at least, generated in the lowest 
atmospheric layers, are detected in large numbers. With increasing 
energy, however, the preferential region for the production of 
particles able to arrive at sea-level moves rapidly towards the high 
atmosphere. This behaviour determines the very flat maximum 
of the differential spectrum. 



Fig. 9 - Production efficiency at various depths for fi mesons observed 
at a depth a with residual range ft = (x 0 — *)> (Sands). 

With reference* to higher energies, the spectrum at sea-level 
is in fairly good accord with the production spectrum; an anomaly 
has been reported, to occur at about 2.5 BeV (Blackett [1937]) 
or at 3 BeV (0. laser et al. [1950]). Although further experiments 
are necessary, confirmation of this anomaly would mean that 
some essential feature of the phenomenon had been neglected. 
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Finally, the spectrum region concerning very high energy 
(<~ 70 BeV) can be investigated not only at sea-level (Glasbb. et al. 
[I960]), but also underground, where experiments are much more 
easily carried out, and where the only conspicuous phenomenon 
originated by the propagation of the a-particle beam is the slowing 
down by ionization and by radiation. As previously noted, it has 
been found in this way that the differential spectrum is then a 
power law with negative exponent about —2.7. 

4. 3 The positive excess 

It has been known since the pioneering researches of Anderson 
and Neddermeybb, [1934] and Blackett [1937], and confirmed 
by many workers, that at sea-level positively charged particles 
predominate over the negatively charged ones. This circumstance 
is closely related to the preponderance of positively charged 
primaries from which, through the jr-meson intermediate stage, the 
/^-particles are generated. Although answers to detailed questions 
oonoeming the positive excess have not yet been given, the effect 
is now satisfactorily interpreted in its essential features. 

Investigations on the positive excess have been carried out with 
Wilson chambers and counter systems; most of the measurements 
are integral ones, i.e., measurements performed on broad energy 
bands, but fairly accurate data on the differential effect have 
been derived, so that the examination of the positive excess as a 
function of energy can be made. 

In Table 6, recent integral determinations are expressed in 
terms of the ratios: 

_ number of particles (+) , . N + —N_ 

T number of partioles (—) a11 — N_ + N + " 


TABLE 0 



r=+/_ 

S 

Energy 
interval .(BeV) 

Brode [1950]. . , 

1.32 ± 0.02 

0.28 ± 0.02 

1.0 - 2.5 

Quercia [1950] . . 

1.26 ± 0.01 

0.23 ± 0.01 

> 0.5 

Glaser [1950]. ■. . 

1.26 ± 0.06 

0.23 ± 0.06 

— 

Glaser [I960], . . 

1.2 ± 0.2 


> 10 
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In the preceding table we have also included the values obtained 
by Erode [1950], whose counter arrangement was most sensitive at 
about 1.5 BeV, but over so broad a band of energies that it is 
intermediate between arrangements suitable for integral measure¬ 
ments and those designed for differential measurements. 

Inspection of the data shows that the value r = 1.26 is fairly 
well fitted by all the experimental results. This value is, moreover, 
in general agreement with the differential measurements shown 
in Fig. 10. 



Fig. 10 - Ratio of positive to negative particles at sea level able to penetrate 
. 10 cm. of lead. 

Convorsi, — Loprineo Ringuot, Q Owen and Wilson, Nereson, 
▼ Erode, ■ Quoreia, Rispoli and Sciuti, □ Bassi, elemental, Filosofo 
and Puppi, X Glaser, Hamormosh and Safonov, • Caro, Parry and Rathgeber. 

In the following discussion, we shall refer to the measurements 
by Owen and Wilson [1951], which are the best available on 
account of thoir coherence and statistical precision. At low energies, 
the differential excess increases with energy up to about 2 BeV/c 
and then remains practically constant up to momenta of the order 
10 BeV/c. Accurate data are not available at higher momenta: 
Glaser’s result is not very significant, being based on very few 
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events, while the values given by Cabo el al. [1950] may be in¬ 
fluenced in an unspecified manner by protons. 

Anticipating arguments which will be discussed later (§§ 5, 8, 9), 
we state the generation model assumed to explain the behaviour 
of the differential excess at sea-level. We suppose that the primary 
radiation is absorbed in the atmosphere in more than one inelastic 
collision, and that the nucleons which are able to give rise to further 
meson formation in subsequent collisions consist of equal numbers 
of protons and neutrons. It follows that only that fraction of /x- 
particles derived from the first collisions is characterized by a 
positive excess, while the subsequent generations have only the 
effect of diluting the primary excess. At sea-level, locally generated 
particles predominate at low energies, and these will not show any 
appreciable positive excess, but at higher energies, the fraction 
of ^-particles descending from the first meson-producing collisions 
becomes larger, the dilution of the primary excess shrinks and 
approaches a limit which is roughly determined by the ratio of 
the mean free path and the absorption path of the whole nucleonic 
component. These arguments explain the increase of the positive 
excess up to energies of the order 2 BeV. The further behaviour, 
concerning particles scarcely influenced by meson decay, depends 
closely upon the positive excess distribution in the production 
spectrum, and on particular phenomenological features which are 
clarified by the diffusion theory of the N-component. 

These conclusions may be developed in a more rigorous manner 
by choosing the following two generation functions: 

(I) £ x (e, t) - 0(e) exp (—t/A), 

concerning particles derived from the first generating collisions, 
which is governed by the mean free path for inelastic collisions 
of the nucleonic component, and 

(II) S^e, t) = 0(e) ({exp (— t/R) — exp (—/tA)}, 

which is expressed as the difference between the total distribution 
function and that concerning the first generating collisions. 

On introducing, for generality, the function A(e) describing the 
positive excess distribution in the spectrum of the first generation, 
and taking into account the survival factor with reference to deoay 
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and to loss by ionization, Heitler’s method leads easily (Bassi 
[ 1949]) to the following expression for the differential positive 
excess at height t and for energy rj. 


[ A (»?-z)e * (J-->)G{ri-z)dz 

■ / e_T (^r dz 


It is thus possible to infer that particles deriving from the first 
generating collision and detected at sea-level with energies not 
larger than 1 BeV, have been generated with energies approximately 
included between 2.5 and 3.5 BeV. The observed excess does not 
seem to be a very sensitive function of the distribution of the 
excess in the spectrum of the first generation, provided the 
distribution is a slowly varying function. Information on this 
subject may be derived from the values of the positive excess at 
high energies. Supposing for simplicity that, with reference to the 
considered energy band, the excess is uniformly distributed, the 
following relation is immediately found: 


where N is the mean number of particles generated by an incident 
nucleon and A is the moan free path. Since N is known, (N = 4) 
as well as A, it is possible to calculate with reference to different 
energies the fraction of /<-particles generated in the first collisions, 
detected at sea-level, and the excess A which should be expected 
as a oonsequence of the dilution of the primary excess. 

Taking the //-particle production in different layers of the 
atmosphere from Sands’ data (Sands [1950]), and choosing the 
value A — 55 gm.cm -2 (geometrical m.f.p. in air), one gets the 
values of Table 7. 



Energy (BeV). 

Fraction from first collision . . . 
Fraction from successive collisions 
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These values are fairly well fitted by experimental data; however, 
they should be a little diminished at low energies to take into 
aocount the slight neutron excess of the nucleonic component in 
collisions after the first (see § 10). Since this excess favours the 
production of //-particles negatively oharged, it follows that when 
£ approaches zero the excess will tend to a negative value. 

Experimental values for higher energies agree well with the 
limiting value 0.25, which is obtained by extrapolating the results 
concerning low energies and which depends, in our present 
approximation, exclusively on the total number of //-particles 
generated per incident nucleon. Moreover, the problem concerning 
high energies is much more complicated both because the quantities 
N and JR are functions of the energy and because the possibility of 
a non-uniform excess distribution along the spectrum of the first 
generation should be taken into account. Since none of these 
parameters can be exactly specified, we shall assume for the positive 
excess the following asymptotic relation: 

J exp (— t/A) it 

^asjmp. ~ ^ ( £ ) 

J exp (— t\R) it 

0 

Concerning the excess distribution in the generation spectrum 
at the first collision, it must be noted that different theoretical 
models of generation can lead to different distributions of the 
differential excess; for example, a theoretical picture of plural 
production in the sense of Heitler and Janossy leads to a uniform 
distribution (Caldirola [1949]), whereas models of multiple 
production lead to a distribution varying either with the inverse 
square root of the energy (Heisenberg [1949]; Cini and Wataghin 
[1950]) or with the inverse third root of the energy (Lewis et al. 
[1948]). Experimental data show that the dependence of the 
primary excess with energy is in any case a slowly varying function. 

Finally, for the low energy band, our approximations con¬ 
cerning /z-partioles arriving vertically and detected at sea-level 
may be used to investigate the behaviour of the positive excess 
as a function of altitude. As is indicated by several experiments, 
the positive excess in the low and intermediate layers of the 
atmosphere is a slowly varying function of height; Brode [1950] 




THE /i-OOMPONHNT 


347 


has found the same results at sea-level and at 3650 m.; Quercia 
etal. [1950] at 88, 3500, 5100 and 7300 m.; Bassi [1951] at 2000 m.; 
previous experiments by Bbrnardini et al. [1945] give similar results. 

4. 4 Asymmetries of the positive excess 

The examination of data for particles arriving in inclined 
directions requires a special treatment because the positive excess 
we have previously discussed, which depends directly on the 
production processes, varies with the ratio between negatively 
and positively charged particles, and so on the zenithal and 
azimuthal angles and on the particle energy; furthermore, it must 
depend on the trajectory of positively and negatively charged 
particles in the terrestrial magnetic field. On taking into account 
not only the energy loss by ionization and by /^-particle decay, but 
also distortions caused by the earth’s magnetic field, one obtains 
values which are continuous functions of the direction of incidence. 

The available data refer to the East-West plane and include 
measurements of the total asymmetry, which, at higher altitudes, 
depends (Johnson. [1941]) on the excess at generation, and also 
measurements of pure positive excess. 


TABLE 8 

Inclined positive excess in the E—W plane 


Koforonco 

Zenith 

angle 



Altitude 

(gm.cm- 2 ) 

Grootzingor [1950] 

24° 

0.25 ± 0.03 

0.12 ± 0.03 

080 

do. 

24° 

0.19 ±0.01 

0.09 ± 0.01 

1030 

do. 

68° 

0.53 ± 0.03 

-0.20 ± 0.02 

680 

do. 

58° 

0.28 ± 0.03 

-0.04 ± 0.03 

1030 

Quorcia [1950] . . 
Padova group 

60° 

0.22 ± 0.01 

-0.07 ± 0.01 

080 

[1951]* .... 

* Unpublished. 

45° 

0.41 ± 0.02 

-0.01 ± 0.02 

1030 


These (lata show that in the East-West plane, the exoess varies 
from positive to negative values as the zenith angle varies from 
West to East. This experimental evidence is perfectly interpreted 
(Groetzingbr and McClure [I960]; Quercia et al. [1950]) on 
the lines of the preceding argument. On comparing the excess 
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of particles having travelled the same path, it is found that the 
values of excess due to generation are in good accordance with 
the vertical data. 

None of the results thus far known imply the existence of a 
fraction of negatively charged primaries and, therefore, all the 
data on the positive excess in northern latitudes, indirectly 
support the assumption that cosmic ray primaries are positively 
charged particles. 

5. The electron-photon component 

As we have noted, the experimental data on this component 
are at present meagre, a fact which is understandable if one 
considers that the soft component is deteoted by its effects, or 
more precisely, by certain events incited by it, the most important 
of which are electron-photon showers generated in the absorbers, 
bursts in ionization chambers shielded with a small thickness of 
lead, and finally, gamma-rays of low energy. If these phenomena 
are considered as events identifying the electron-photon component, 
it is evident that by means of relative measurements at different 
heights and latitudes, the behaviour of this component as a function 
of the above-mentioned parameters can be investigated. An 
example is provided by experiments on the frequency of Rossi 
showers in the atmosphere, from which information on the electron- 
photon component at high and intermediate energies are derived 
(Janossy [1950] p. 235), and by those concerning the frequency 
of low energy gamma-rays (Bergstrahl and Schroder [1951]). 
Difficulties arise when attempts are made to deduce the intensity of 
the soft component from the frequency of the indicative events, as 
is necessary, for instance, to disentangle the effects of the energy 
spectrum and of the relative percentage of electrons and photons. 
The phenomena originated by the soft component in an absorber 
are so complex and intricate that such an induction appears to be 
extremely difficult and not without objections, so that our present 
knowledge about these two problems is very deficient. 

Because of these difficulties, the intensity of the soft component 
is generally obtained by means of a “difference-method”, based 
upon indirect measurements: the intensity of the soft component 
is obtained, according to this method, by subtracting the intensity 
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of the penetrating component from the intensity of the total 
ionizing component. This kind of measurement allows the deter¬ 
mination of the intensity of the soft component as a function of 
height and of latitude, and the results derived agree with experim¬ 
ental data from the previously mentioned experiments (Fig. 11). 



Fig. 11 - IntoiiHity vs altitude curve for the soft component. 

-Rossi, oooo Pomerantz. 

5.1 The total intensity-height distribution 

We have seen (§ 2) that the soft component underground is in 
equilibrium with the //-component because the former is generated 
by the latter in knock-on and Bremsstrahlung processes and by 
/t-particlo decay. Above sea-level similar phenomena should be 
expected to occur; consequently the electron-photon component 
derived from the //-component should be in equilibrium with it, 
and should therefore increase with height approximately as does 
the generating component. This roughly happens up to about 
2000 m. altitude, but at greater heights the soft component in¬ 
creases much more rapidly, as is shown either by Greisen’s value, 
(5.28 ± 0.10) • I0~ s cm -a 8ec~ 1 8terad'" 1 (Grkisen [1948]) for the total 
intensity at 4500 m. above sea-level (measured under 1.7 gm.cm -2 ), 
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by Pomerantz’ value (4.43 ± 0.07)-10 -2 cm -2 sec -1 sterad -1 , under 
4.4 gm.em -2 (Pomerantz [1949b]) and by data at higher altitudes. 
We may note also values concerning the growth of the soft com¬ 
ponent between 955 gm.em -2 and 383 gm.om -2 (Barber [1949]): 


Ratios of intensity at 955 and 383 gm.om-* 


Showers 

Soft component 
(difference) 

Hard component 

Total 

28.3 

29.0 

3.83 

10.8 


where we also compare the ratio deduced from the difference 
method with that obtained from the detection of characteristic 
events (showers). At 660 gm.em -2 the soft component reaches the 
same intensity as the hard component, it continues to increase up 
to a maximum occurring at about 200 gm.em -2 pressure, and 
subsequently decreases at higher altitudes. This behaviour, which 
may be deduced from Rossi’s data, has been confirmed by recent 
measurements (Pig. 4) (Rossi [1948]). All these circumstances 
show clearly that, in addition to the soft component which is 
secondary to the meson component, there exists another electron- 
photon component having a quite different origin. 

The propagation of a soft component is exclusively based on 
electromagnetic interactions and is outlined by cascade theory 
from which may be determined the average number of electrons 
and photons in a given energy band and at a given depth of any 
absorber, and originated either by primary electrons or by primary 
photons. It is found that, by means of the alternating processes of 
radiation by collision and pair production, the number of electrons 
and photons increases up to a certain depth of the aborber, where 
it reaches a ma xim um, and then decreases because the particles 
suffer continuous energy loss and from a certain limit downwards, 
their energy becomes insufficient for the generation of other 
particles through the above-mentioned processes. 

This behaviour predicted by the theory has been satisfactorily 
verified by experiments performed with thick absorbers, especially 
with lead. As we have already pointed out, it was once believed 
that a similar cascade process initiated by energetic primary 
electrons should also be involved in the propagation of the soft 
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component through the atmosphere considered as an absorber, but 
this hypothesis is actually in contradiction with direct evidence, 
(see § 1. 4) and moreover, it seems to conflict with many detailed 
features such as the position of the maximum in the atmosphere, 
which should, on the primary electron model, be at a depth greater 
than that at which it is actually observed. But the new experiments 
(§ 1. 4) support the hypothesis that the ancestors of the electron- 
photon cascade are photons generated through the decay of neutral 
jr-mesons. Since n° mesons are generated by the nucleonic compon¬ 
ent through the whole atmosphere, the number of available photon 
ancestors falls off exponentially with height, and so, according 
to the new point of view, the maximum of the soft component 
must be localized in the region where the first collisions of the 
nucleonic component occur. 

5.2 The latitude effect 

It is beyond the aim of this paper to discuss in detail the experi¬ 
mental data on the asymmetries of the soft component with 
respect to the hard one. For completeness, we note that for both 
components these asymmetries have the same sign and the same 
order of magnitude; moreover, they increase with height as is to 
be expected according to geomagnetic theory based on the assump¬ 
tion of a unique charged primary component (Scheest et al. [1948]; 
Bibhl et al. [1949]; Barbee [1949]). Similar behaviour was found 
valid also for the latitude effect (Simpson [1948]), i.e., it increases 
with height in the same manner both for the soft component and for 
the hard, and for both of these the latitude effect is smaller than 
that of total ionization and of neutron intensity. All these features 
are explicable, since in the intermediate and low atmosphere both 
the soft and the hard components are coherent because of the 
equilibrium existing between them and because, in the upper part 
of the atmosphere, the soft component is generated simultaneously 
with the hard by events which, being equally distributed in energy; 
have also approximately the same directional distribution. 

5. 3 The energy spectrum; the ratio of electrons to photons 

The analysis of the electron-photon component at various 
heights is still largely an open problem. The relevant experimental 
data can be classified into two groups: (a) ratio of electrons to 
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photons; (6) the energy spectrum: Rossi [1949a] succeeded in 
delineating the main features of an energy spectrum for high 
energy electrons at 3300 m. altitude on the basis of observations 
made with Wilson chambers (Eazest [1944]) and with ion chambers 
(Bridge etal. [1947]). The integral spectrum, which is valid only for 
energies higher than 1 BeV, seems to follow a power law of negative 
exponent the value of which is between 1. 6 and 2. 0. In order to 
get more detailed information on the photon-electron component, 
experiments have been made which, however, exclusively concern 
primary photons (Rossi and Janossy [1939]; Nbreson [1942]; 
Trumpy [1943]) originating cascades in a lead absorber of variable 
thickness; the cascade electrons leaving the absorber being detected 
by counter coincidences. The number of electrons from different 
thicknesses depends, according to the cascade theory, on the photon 
spectrum incident on the absorber; it follows that such a spectrum 
can be deduced from the observed frequency of appearance of 
at least one electron, of at least two electrons, and so on. 

The experimental data lead, on the basis of Arley’s analysis 
(Arley [1948]) to a photon energy spectrum which can be approx- 
imated as follows: 


F(E 0 )dE 0 = 




A 


'Eyi+v dE a 

jeJ w 


< < E'\ 

E> E '; 


E 1 = 200 Mev 


Y = 1 • 5 


Unfortunately, in this case the predictions of cascade theory are 
not clearly defined and, moreover, depend on the assumptions 
made concerning correlations among events through which the 
multiplication of the electron-photon component occurs (Poisson, 
Furry, Polya’s distribution). Any definite conclusions, therefore, 
appear to be problematical. However, now that the generation 
of the soft component in the atmosphere is fairly well understood 
(§ 6) and that direct experimental evidence on the cascade 
theory are actually available (Blocker et al. [1950]; Crowe and 
Hayward [I960]), it is worthwhile to emphasise that the problem 
might well now once more be systematically studied. . 


6. The N-oomponent 

In traversing matter, the ,a-component gives rise to phenomena 
which, for various energies, present the same features (ionization 
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and decay) and which are, therefore, always recorded by the same 
methods. The N-component, on the contrary, initiates events 
which, because of different aspects presented at different energies, 
are detected in different ways using arrangements sensitive to 
more or less restricted bands of the energy spectrum. 

Passing from high to low energies, the most reliable method 
for recording the nucleonic component at very high energies is by 
the detection of extensive and penetrating showers generated in 
air. The differentiation between these two kinds of events is, of 
course, a phenomenological one, in the sense that when the former 
events occur, the soft component is recorded and when the latter 
occur, the penetrating component is recorded, but this distinction 
ultimately rests on the different energy ranges concerned in the 
two kinds of event (§ 11). 

At lower energies, say a few BeV, local penetrating showers, 
generated within the absorbing layers of the apparatus, may be 
detected with counter arrays, cloud chambers and ion chambers, 
while the photographic plate, which detects the N-component 
through the nuclear disintegration stars formed in the emulsion 
becomes of importance in this energy range. The plates have their 
greatest efficiency between 1 BeV and 200 MeV, being in this 
range practically the only detector for the N-component. This 
technique is not suitable for systematic researches of events 
occurring at very high energies because these are rare and more¬ 
over, the development of the event in the plate does not bring 
clearly into evidence its physical features. At low energies, on the 
contrary, the limit of applicability of this method is reached at an 
energy of about 100 MeV, corresponding approximately to stars 
having the lowest number of ionization prongs allowing of their 
identification (this number is usually 3 because stars with 2 prongs 
may easily be confused with other events and have not yet been 
systematically investigated (Merlin and Pierucci [1951])). Stars 
formed by highly ionizing prongs can be recorded not only by plates 
but also by unshielded ionization chambers, where they appear as 
bursts. 

Below 100 MeV there is a gap extending down to very low 
energies, in which none of the known techniques are suitable. The 
only way to obtain information about this low energy region is 
perhaps the investigation of low energy single tracks in the nuclear 
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plates, but unfortunately, only very few data are av aila ble 
(Lattxmobb [1949]). Below this gap, information on very low 
energies, of the order of a few eV, can be obtained with BF 3 
counters, which allow detection of thermal neutrons. Since the 
cross-section for 7 i* + J5j° a£ + Li% varies inversely with energy, 
the sensitivity of the method is localized at the lowest limit of the 
spectrum. The data thus derived provide the only useful indication 
which can complete our knowledge about the low energy tail of 
the spectrum. 

The classification of the nuclear events is essentially based on 
estimates of total energy of secondaries, with reference to their 
number and kind, the individual energies, angular divergence, 
etc. It follows that much of the information on the energy of the 
primaries of these events is indirect, except in high energy events 
which can be related to the latitude effect. As we have already seen, 
the vertical cut-off caused by the terrestrial magnetic field concerns 
a range of energy included between 1 and 15 BeV; therefore, 
events not affected by the latitude effect all derive from primaries 
having an energy greater than this maximum limi t. For lower 
energies, the absorption and the multiplication of the nucleonic 
component in the atmosphere complicate the latitude effect. We 
begin the discussion on the behaviour of the nucleonic component 
by examining the data concerning these two effects. 

6.1 Absorption and latitude effect 

The data on the latitude effect are listed in Table 9, which has 
been divided into three sections, each referring to a different 
energy range of the radiation responsible for the nuclear event 
under consideration, irrespective of the particular technique used. 
In the first section, highly energetic events are listed; they are 
greatly influenced by the effects of the first collision because of 
the range of the secondaries and here the latitude effect is seen to be 
practically absent. In the third section we indicate events initiated 
by particles the majority of which can be considered of secondary 
origin, mainly at high altitudes. The latitude effect is large, but 
its interpretation depends on detailed investigation of the diffusion • 
of the nucleonic component in the atmosphere. Finally, in the 
second section we have reported conditions which have to be con¬ 
sidered as an intermediate stage between the two cases above stated. 
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TABLE 9 


Latitude effiect 


Reference 

Residual 

pressure 

gra.cm" 2 

K 

^2 


(I) > 10 BeV 
extensive showers 

Biehl [1949]. 

320 

64° 

0° 

1.0 

10-30 BeV 

Walsh [1950]. 

310 

55° 

20° 

1.12 

Walsh [1950]. 

383 

55° 

20° 

1.12 

(II) ~ 1 BeV 

McMahon [1950].... 

300 

55° 

20° 

1.17 

McMahon [1950] .... 

300 

55° 

20° 

1.32 

(Ill) order eV or MeV 
Staker [1950]. 

120 

55° 

20° 

2.9 neutrons 

Conversi [1950] .... 

320 

60° 

0° 

3.7 protons ^ 0.5 BeV 

McMahon [1950].... 

300 

65° 

20° 

1.96 bursts ~ 0.4 BeV 

Salant [1950]. 

15 

57° 

31° 

4.3 stars 

Yagoda [1949a] . . . . 

670 

50° 

0° 

7. stars 

Yagoda [1949a] .... 

1030 

50° 

0° 

6. stars 


Data on the absorption of the nucleonic component in the 
atmosphere are summarized in Table 10. As in the preceding table, 
we group in different sections, irrespective of the technique used, 


’ TABLE 10 


Absorption of the nucleonic component 


Reference 

Latitude 

Residual 

pressure 

gm.cm” 2 

Absorption 

length 

gm.cm-" 2 

(I) > 10 BeV 




Stinchcornb 1950 . 

o 

O 

675 

74 

Walsh 1950 . 

55° 

300 

K9 


20° 

383 

mSm 

Hazen 1949 .. 

35° 

700 

■mMMM 

Meyer 1949. 

25°S 

900 

sal 

Tinlot 1948 ..... . 

53° 

270 

118 

Wataghin 1947 . 

25°S 

370-440 

101 
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TABLE 10 (continued) 


Reference 

Latitude 

Residual 

pressure 

gm.cm“ a 

Absorptii 

length 

gm.cm" 

(II) 1 BeV-10 BeV 




protons 




McMahon 1950 . 

55° 

280-380 

125 


20° 

300-380 

135 

neutrons 




McMahon 1950 . 

55° 

280-380 

143 


20° 

300-380 

143 

local showers 




Fretter 1949 . 

38° 

730-1030 

123 

Cocconi 1949a. 

40° 

260 

133 


50° 

710 

133 

Janossy 1945 .. 

54? 

1030 

116 

Walker 1950 . 

40° 

710 

100 

(in) 10 MeV-1 BeV 




Bemardini 1950a. 

45° 

680 

135 

Lord 1949 . 

51° -56° 

15 

148 

Yagoda 19496 . 

48° 

15 

143 


50° 

1000 

143 

George 1949 . 

46° 

680 , 

150 

bursts (unshielded chamber) 




Rossi 1948 . 

45° 

270-1000 

138 

Whyte 1950 . 

0°—35° 

90 

150 

counters 




Conversi 1950 . 

5°—60° 

300 

150 

bur8t8 (shielded chamber) 




McMahon 1950 . 

55° 

280-380 

157 


20° 

300-380 

198 

Forster 1950 . 

30° 

420-230 

125 

(IV) <150 MeV 




Forster 1950 . . . . •. 

30° 

270-720 

133 

Lattimore 1949 . 

46° 

680-1030 

190 

(V) ~ eV 




Simpson 1948 . 

53° 

200 

160 


0° 

600 

191 

Yuan 1948 . 

40° 

55 

156 
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results of experiments referring to similar energy ranges. Unless 
otherwise stated, the absorption paths R are defined by: 

/ ~ exp (—tjR) 

where / is the relative frequency of occurrence of the events 
studied. The absorption path R increases as the energy of the 
events decreases, a feature discussed in § 12. 3 below. 

Noting particularly data of a single author, the absorption 
path for a certain energy range generally increases as latitude 
decreases, while the latitude effect increases with height. 

6. 2 Absolute intensity of the nucleonic component 

The absolute intensity of the nucleonic component can be 
derived from data from a variety of detecting methods. According 
to Rossi, an estimate of the intensity of the ionizing fraction with 
energy > 400 MeV can be obtained at any height in the atmosphere, 
assuming that at the top of the atmosphere the whole ionizing 
component consists of protons and developing from this datum 
an exponential curve of slope 15i3 gm.cm. Anderson’s data, obtained 
from measurements of the positive excess in a cloud chamber for 
much smaller energies (up to about 80 MeV), agree fairly well 
with the values deduced from the above curve. In the first two 
sections of Table 11 we have collected these data. In the last three 
sections of the table data on measurements of single tracks of slow 
protons in nuclear plates, disintegration stars and, finally, slow 
neutrons (using BF 3 counters) are listed. The data for slow protons 
are in good accord with other estimates of the ionizing fraction, 
for they refer only to a very narrow energy band (about 20—30 
MeV). 

Data on stars allow only an indirect estimation of the nucleonic 
particles producing them, because knowledge of the production 
cross-section is involved, but assuming a value equal to the geo¬ 
metrical section the intensity of tho generating component is 
given in Table 12, referred in all cases to altitude 3600 m (680 
gm.cm -2 ). The considerable differences between values in this table 
probably mainly como from differences of development and 
perhaps of scanning efficiency; if this is so, the largest values must 
be considered the most reliable. Since stars are produced by 
neutrons as well as by protons, and because (see § 9) the neutron 
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TABLE 11 


Absolute intensity of the N-component 


Reference 

Residual 

pressure 

gm.cm -2 

Intensity 

(I) > 10 BeV 



Hazen 1949 . 

730 

1.1 10" 5 cm~ 2 sec“ 1 sterad^ 1 

Walsh 1950 . 

0 

< 0.03 

(II) 400 MeV—10 BeV 



Rossi 1948 . 

200 

1.15 10~ 2 cm~ 2 sec“ 1 sterad" 1 


300 

1.05 10- 2 


600 

*1. 10- 3 

(Ill) Slow protons 

1030 

2. 10“ 3 

Rossi 1948 . 

200 

2.4 10” 2 cm-' 2 sec -1 sterad -1 


300 

1,05 10- 2 


600 

0.95 10- 4 


1030 

3. 10-* 

Lattimore 1949 .... 

680 

16.5 cm~ 8 day~ 1 

Rossi 1948 . 

300 

1.7 10“ 3 cm“ a sec" 1 sterad“ 1 MeY" 1 

Conversi 1950 . 

300 

3. 10-* 

(IV) Stars 



George 1950. 

1030 

1.46 cm^day- 1 

Bemardini 1950a . . . 

680 

14.2 

Lattimore 1949 .... 

670 

16.4 

Lord 1951 . 

660 

22. 


105 

1610. 


15 

2390 

Addario 1950. 

15 

1960 

SaJant 1950 . 

12 

2000 

(V) Slow neutrons 



Davis 1950 . 

250 

8.2 10“ 3 captures see^gm" 1 


200 

1.5 10- 2 . 

Yuan 1951 . 

200 

1.7 10- 2 


250 

1.2 10- 2 


400 

4.8 10“ 3 


600 

1.3 10-® 


component is probably three to four times more intense than the 
proton component in the energy range corresponding to the most 
conspicuous star production, the data thus derived agree as well 
as is to be expected with those given above. 
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Finally, the number of slow neutrons, which must be supposed 
to result from nuclear disintegrations, must be in equilibrium with 
the stars. The mean number of evaporated neutrons per star 
should be given by the comparison of the absolute number of 
neutrons with the number of stars generated in air, which is easily 
obtained supposing that the ratio of the cross-sections in air and 
in emulsion is given by the ratio of the geometrical sections. This 
comparison will be made in § 10. 3. 

TABLE 12 


Intensity of the star producing radiation 


Reference 

Residual 

pressure 

gm.cin” 3 

Stars 

cm -3 

day- 1 

Stars 

cm- 3 day -1 
reduced to 
680 gm.cm- 2 

Intensity of radn. 
cm-^ec- 1 

Total 

protons 

George 1950 . . . 

1030 

1.46 

18.5 

5.41 10- 3 

1.35 10“ 3 

Bornardini 1950a. 

680 

14.2 

14.2 

4.16 10- 3 

1.04 10- 3 

Lattimore 1949 , 

670 

16.4 

15.1 

4.48 10-» 

1.12 10- 3 

Lord 1951 .... 

660 

22 

18.9 

5.53 10“ 3 

1.38 10-* 


105 

1610 

26.45 

7.73 10- 3 

1.93 10- 3 


15 

2390 

20.63 

6.03 10- 3 

1.51 10- 3 

Addario 1950. . . 

15 

1960 

16.9 

4.95 10- 3 

1.24 10- 3 

Salant 1950 . . . 

12 

2000 

16.9 

4.94 10“ 3 

1.23 10- 3 


6. 3 The spectrum of the nucleonic component 2 

The spectrum of the nucleonic component may be determined 
either from the spectrum of formation of nucleons in the atmosphere 
or from the frequency of interactions produced by incident particles 
of different energies. Apart from certain features of the unstable 
component (w-mesons), the spectra of generating and generated 
particles should bo in equilibrium in the atmosphere, and closely 
related by the cross-sections of the various processes of nuclear 
collision. 

8 Quito recently, direct determinations made by different authors in. 
various ways have made it possible to construct vortical proton moment¬ 
um spootra at different altitudes which appear to be reliable and give 
good ovidence of the bohaviour of the nucleonic component for low 
energios. Those data are given in Fig. 11a. Towards tho upper momentum 
region of tho diagram tho form of the spectra at all altitudes can prob¬ 
ably be approximated by a power law: (Mylroi and Wilson [1951]),Cdp/p llS . 
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The experimental picture actually available is not yet complete. 
In fact, the detailed behaviour of the secondary fraction of the 
N-component can only be followed experimentally to energies 
about 1 BeV (Brown etal. [1949]; Camerini e£aZ. [1949]) and therefore 
information on an intermediate range of energies alone can be 
derived. The spectrum of protons, which we do not know quanti- 
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tatively, decreases rapidly with energy in qualitative agreement 
with the behaviour of the primary spectrum, and hence with the 
hypothesis, which has often been advanced, (§ 9), that the primary 
spectrum remains valid for secondaries in the propagation through 
the atmosphere. However, we note in this connection, the presence 
of deuterons and tritons of intermediate energy which are absent 
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from the primary spectrum (Lord et al. [1949]; Bradt and 
Pbtbrs [1950b]). 

Observations of the spectrum of the generating nucleonic com¬ 
ponent are difficult because direct determinations of the energy 
of the ionizing particles responsible for a nuclear event cannot 
be performed up to high energies (particularly with simultaneous 
identification of the nature of the particle). Indirect estimation 
of primary energy from total energy of the generated particles 
can only be regarded as a lower limit. Tho deduction of the spectrum 
concerning the generating particles from the frequency of the 
events depends essentially on knowledge of the cross-sections, 
which is confused, since neither the nuclear transparency nor the 
inelasticity of the whole process are known. The cross-sections are 
experimentally directly determined only in the limited energy 
range within which the cyclotrons can work (up to 400 MeV); 
outside this range, they have to bo inferred. 

In addition there is a limited amount of data on the region of 
extremely high energies where the estimation of the primary 
energy is based on the angular divergence of secondaries (Lord 
et al. [1950b]), although the result in these examples is only to 
order of magnitude. 

In spite of reservations, nuclear events in photographic emulsions 
provide information which for many purposes can usefully replace 
the actual spectrum data, especially when attention is. confined 
to relative measurements such as comparison between heights, 
tho problems of angular distribution and so on. The most suitable 
indications of energy are either tho number and type of star prongs 
observed or tho total energy, which can be determined to good 
approximation at moderate energies and which appears to be an 
increasing function of the average number of prongs (Barton et al. 
[1951]). Tho star frequency as a function of the number of prongs 
may bo approximated by simple laws, e.g., 

/ A oxp (— Kn) 

or, as function of the total energy, by laws of the type: 

/' =■„ B E-* 

6. 4 The ratio of neutrons to protons 

A further important datum is provided for various energy 
ranges by the relative number of protons and neutrons which 
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together form the greater part of the nucleonic component. The 
co-existence with the ionizing component of a non-ionizing one, 
equally capable of nuclear interactions, in particular, of the 
formation of penetrating showers, has long been known from 
experiments with Geiger counters and cloud chambers; more 
detailed data have been obtained by nuclear plates. 

NfcO 



The results obtained by experiments carried out in the low 
atmosphere (3500 m.) are represented by the curves of Pig. 12. 
(Brown etal. [1949]), At high energies, the number of stars generated 
by protons is about equal to the number of stars generated by 
neutrons; at low energies, however, the latter is much the greater, 
the protons being reduced to about 20% of the total; this datum 
is a minimum limit for protons because only when the pri mar y is 
sufficiently energetic (~ 1. 5 times minimum of ionization; 400 
MeV for protons) and, therefore, clearly identifiable, can the 
stars generated by them be classified. The stars actually generated 
by ionizing particles of lower energy might be classified as produced 
by non-ionizing primaries; but this fraction cannot be estimated 
easily and the data relating to the low energy region are, there¬ 
fore, not fully significant. 
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The behaviour observed at 3600 m. is substantially valid also 
in the upper atmosphere, except for a gradual increase at high 
energies of the percentage of events due to protons (Cambrini 
[1949]), evidently caused by the residue of primaries becoming 
more important as height increases. 

It seems plausible that protons and neutrons are equally multi¬ 
plied in the atmosphere and that at low energies neutrons predom¬ 
inate only because they do not lose energy by ionization. 

The ratio N/P between the two components will be variable 
with the energy, and its value, which depends on energy lbsses 
by ionization and on the exchange of charge during interactions 
with air nuclei, increases as the energy decreases; tentatively 
it may be represented by the function 

N I P = (Me 2 )*' 

where E is the total energy and Mc z the rest energy of the 
nucleons. 


7. The genetic relation 

The main problem of the equilibrium in the atmosphere is based 
on the genetic relationship existing among all the different com¬ 
ponents of the cosmic rays. It is convenient to survey the problem 
in order to indicate how a correct judgment can be reached on 
available data. Apart from direct evidence, mainly obtained by 
cloud chambers and nuclear plates, the principle criteria concern 
the behaviour of each component as a function of the following 
three parameters: (a) energy; ( b) height; (c) latitude. These three 
criteria, apparently equally indicative for the problem under 
consideration, have not all the same generality, for they involve 
certain hypotheses implicitly assumed. Tor example, to regard a 
similarity of latitude effect as a genetic relationship involves the 
hypothesis of a unique primary component. Similarity of spectrum 
may be ascribed to special features of form of the cross-seotions 
(which become very restricted if, as is often assumed, the form 
of the secondary spectrum is similar to that of the primary). 
Moreover, going back to the effective generation functions of the 
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various components, similarity of behaviour with height can be 
used only supposing that no preferential arid distinct bands of 
production for the various components exist. It appears, however, 
in spite of these reservations, that the various hypotheses are 
actually well satisfied, so that the above similarity criteria, may be 
applied with confidence. All the components which are undoubtedly 

of secondary origin and which we have examined, satisfy these 
criteria. 

This circumstance, together with the direct, although qualitative, 
evidence allows the description of the genetic relation existing 
among all the different components. In the primary component, 
the heavy nuclei which have a rather short mean free path (~ 30 
gm.cm-*), are rapidly destroyed and broken down to three-fourths 
protons and. one-fourth neutrons, the latter, on the average, being 
less energetic than the former. Thus, for our purpose, the precise 
primary composition is not of great importance, and it is only 
necessary to assume that the first collision occurs, on the average, 
at a depth slightly smaller than that which would be expected for 

protons, and, that the charge per nucleon instead of 1, is a little 
smaller. 

We have noted (§ 1) that the total intensity of the cosmic rays, 
which is constant at altitudes greater than 55 Km. (21 gm.cm -2 ) 
increases rapidly as the height decreases and it reaches a sharp 
maximum at about 66 gm.cm- 2 . Evidently, the existence of this 
maximum is to be ascribed to the processes which generate n- 
mesons through collisions of primary nucleons against air nuclei. 
There exist typical illustrations of these events both in nuclear 
plates and in cloud chambers (star: Bradt et dl. [1950c]; mixed 
showers: Gregory and Tinlot [1951a and 1951b]; Frbtter [1949] • 
Kioto and McKay [1950]) in which the complete phenomenology 
ot the generating processes may be seen. We shall distinguish 
between events occurring at high energies and events occurring 
at low energies and discuss the two problems separately. 

8. High energy events in the N-component 

When interaction occurs, energetic secondaries appear in beams 
of ionizing particles around the prolongation of the primary 
direction, and at the minimum of ionization. It has further-been 
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definitely established that these charged particles are accompanied 
by neutrons, since secondary interactions are found to be initiated 
more or less equally by ionizing and non-ionizing particles, and 
by 7r°-mesons detected by the electron pairs through the photons 
into which they decay. The ionizing particles are partly rc-mesons 
and partly protons, but in addition there exist also smaller fractions 
of nucleon fragments of larger mass. The percentage of jz-mesons, 
the direct determination of which is essentially based on photo¬ 
graphic plate work (Brown et al [1949]) lies between 50 and 80% of 
the total number of particles. These sprays of secondary particles 
have a multiplicity which is probably an increasing function of the 
primary energy; although the law of multiplicity is at present 
not known, it is assumed that the dependence does not vary very 
rapidly with primary energy. 

8.1 Multiple and plural processes 

From a theoretical point of view, an important problem is 
whether meson production is a plural or a multiple event, i.e., 
whether several mesons are simultaneously ejected from a nucleus 
because of the collision between the incident proton and a single 
nucleon in it, or whether they are successively ejected in a cascade 
of collisions of the incident proton against many nucleons of the 
nucleus. 

Experimental resolution of this question could only come from 
some particularly remarkable events observed in nuclear plates 
or cloud chambers; the former w r ould provide more reliable statistics, 
but unfortunately the conclusions thus derived are generally 
invalidated by the fact that the main contribution to nuclear 
interaction cross-sections comes from the heavy nuclei (Ag, Br) of 
the emulsion and therefore, in order to obtain an evident demon¬ 
stration of multiple production, the number of ionizing particles 
should be so high that at present only very few examples could 
possibly bo considered (Lord et al [1950b]; Bradt etal. [1950c]). 
Recent evidence obtained by Osborne [1951] seems to confirm the 
existence of events which may be accounted for only in terms of 
multiple production, at least with respect to primaries in the 
range 1.8 BoV. On the contrary, in experiments in a Wilson 
chamber, it is possible (Fretter [1950]) to induce events in an 
absorber of very low atomic number (Li, Z ^ 3) and then a much 
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smaller number of ionizing tracks -would be considered as sup¬ 
porting the multiple production process. In the atmosphere, 
however, multiplicity will not be very significant, and so, from a 
phenomenological point of view, the controversy is not of great 
importance. 


8. 2 Diffusion of the high energy N-component 

The diffusion of the nucleonic component in the atmosphere 
depends essentially on the cross-sections for meson production. 
No experimental data are available, but only more or less legitimate 
hypotheses, the most trustworthy of which is based on similar ity 
with bremsstrahlung emission by substitution of the meson field 
for the Coulomb field, and yr-mesons for photons. On the basis 
of this theoretical parallelism: 


(a) the total cross-section for meson production at high energies 
approaches asymptotically to a constant value, 

(b) the differential cross-sections are exclusively functions of the 
fractional energies defined by the ratio of the energy loss in 
meson production to the incident energy. 

Heitler and Janossy [1949] on the basis of the hypothesis of 
plural production have integrated the diffusion equation: 


cliff (E, x) 

t>x 


-a S(E, h) + J S (E, e, x 
o 



(where a = /J w(r)dr is the total cross-section, w(r) is the differential 
cross-section, E the primary energy and e the energy loss), assuming, 
as initial conditions, 


(JL 

S(E, 0) = ] •® y+1 

(o 


E>E o 
E <E 0 


They find the following relation between S and the depth t: 


S(E, x) = S(E, 0) exp (— au> y+1 )x, 

where 


1 

w Y+1 = / w(r) (1 — r) Y dr. 
0 


This calculation depends essentially upon the two assumptions 
(a) and (6) above, but it is largely independent of other hypotheses. 
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The theory may be extended to multiple production of mesons 
and to non-catastrophio collision, that is, to conditions when 
secondary nucleons have energy sufficient for these also to take part 
in meson-forming collisions. The introduction, however, of an 
initial spectrum other than a pure power spectrum, is much more 
difficult. The calculation taking as initial condition the form of the 
real primary spectrum, has not yet been carried out. 

These considerations have a certain importance as indicating 
that details of nuclear collisions cannot be deduced from the 
general behaviour alone of the nucleonio component. If the spectral 
form is maintained at various heights (as experimental data seem 
to confirm) arid if the absorption has really an exponential behavi¬ 
our, we have support for the reliability of postulates (a) and ( b ), 
but these results do not reveal any more detail on the cross-sections 
and on the elementary collisions, or on the relative percentages 
of mesons and nucleons. 

9. The re-MESOsrs 

The generation of re-mesons in nuclear collisions may be con¬ 
sidered as the main event of the whole phenomenology of cosmic 
rays, because the two components most important from an experim¬ 
ental point of view, the /./.-component and the electron-photon 
component, are both derived from re-mesons. Positive and negative 
re-mesons, after a very short mean life (~ 10 -8 sec.), decay into 
a //-particle and a neutrino (Lattes et al. [1947]): 

re* —■> //* + v. 

In addition, neutral mesons are produced in nuclear events; their 
mean life is not yet well established, but seems to be much shorter 
than that of the charged mesons (< 5 10 -u sec.). The re°-mesons 
decay to a pair of photons: 

re 0 -> hv + hv. 

It follows that the re-mesons may be considered as a link between 
the primary component and the secondary components; it is from 
this point of view and not as a notable component that they are 
considered in this paper, for their very short life makes their 
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detection in the atmosphere difficult, and their direct contribution 
to observable effects small. 

Data concerning ^-mesons are listed in Table 13. 


TABLE 13 


n-meson constants 


M n± = (275.2 ± 2.5) m, 

= (264.6 ± 3.2) m,, 
t„ + = ( 2.54 ± 0.1) 10~ 8 sec 


Panofsky 1951 
Panofsky 1951 
Jacobson 1951 


9. 1 The generation spectrum of charged ^-mesons 

Considering first charged mesons, only very energetic ones 
{E > 50 BeV) have a significant probability of avoiding decay 
in the atmosphere and of giving rise to effects influencing the 
measurements either of the barometric effect or of the spectrum 
of the //-component underground (see §§ 2 and 9. 3). On the other 
hand, the direct experimental recognition of jr-mesons essentially 
operates at relatively low energies, and all other phenomenological 
data concerning jr-mesons are inferred from it-mesons generated 
in condensed materials (so that the whole path from the point of 
generation down to the point of observation is caused to be 
entirely inside the condensed material, for the mean fife of jr- 
mesons, although short, is by no means comparable with the 
slowing down time in a condensed material). 

In addition to the direct evidence in plates, the direct creation 
of Tr-mesons in nuclear events has been demonstrated by Piccioni’s 
experiment (Piocioni [I960]) on local showers and based on the 
details of negative n- and //-particle capture into nuclei (Conversi 
et al. [1947]), and also, up to now only at low energies, in experim¬ 
ents on artificial creation. Experiments have also demonstrated 
the production of mesons by photon bombardment but not yet 
directlyby electrons (White el al. [I960]; Powell [I960]). The cre¬ 
ation of mesons from photons is confirmed by the production of 
jr-mesons underground in the electromagnetic interaction between 
//-particles and nucleons (see § 2), that is to say, in the interaction 
of nucleons with the virtual photon field of the energetic //-particles. 

The most complete material actually available on the production 
of 7r-mesons by the nucleonic component is given by the generation 
spectrum (Pig- 13) obtained in photographic plates down to about 
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50 MeV, where the spectrum is presumably almost flat; it begins 
to decrease with energy according to a power law having negative 
exponent about — 3/2 up to an energy of 1.4 BeV, and at still 
higher energies with exponent becoming about — 5/2, a result 
which is also confirmed indirectly. The behaviour of this spectrum 
agrees excellently with the generation function of the /^-particles, 



Energy in MeV 

Fig. 13 - Differential distribution in total energy of mesons ejected from 
stars. The curve is Sands’ calculated spectrum. (Camerini [I960]). 

which has been- previously examined; this conclusion is justified 
by the almost direct relation existing because of decay between 
the re-mesons and the ^-particles. Calculations which in the theory 
of Heitler and Janossy allow the description of the diffusion of 
the nucleonic component, have been extended to prediot the 
generation spectrum of the re-meson component (Clementel 
[1950]). With this hypothesis, the re-meson spectrum is similar 
to that of the nucleonic component, because of the form of the 
cross-sections used. 


24 
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9.2 Relation between the spectra of re-mesons and fi-particles 

Tentative attempts may be made to trace back the generation 
spectrum of re-mesons by an inverse argument starting from the 
known spectrum of the ^-particles, for energies of 100 MeV — 1 BeV. 
The relation between the generation spectrum of the re-mesons 
and the distribution function of the /i-particle spectrum is direct 
and depends on a Lorentz transformation. The inverse transform¬ 
ation will, therefore, allow us to trace back the generation spectrum 
of the re-mesons from the ^-particle distribution function. When 
large energies are considered, the ratio between the energy of the 
re-mesons and the energy of the particles is a constant (about 1.27), 
and one can immediately infer the identity of the two spectra! 
already verified in the case of intermediate energies; in cor¬ 
responding zones of both spectra, there are suspicious irregularities, 
which, because of their appearance in a rather low part of the 
spectrum (where a single energy of the re-meson gives rise to a 
considerable range of energies for the ^-particles) would be expected 
to be thoroughly smoothed down in the spectrum of the ^-particles 
as compared with that of the re-mesons (Asgoli [1950]). 

At low energies, the relation between the two spectra is more 
complicated, for a description based upon an equation of uni¬ 
directional diffusion is no longer adequate. 

9. 3 Diffusion equation for re-mesons 

The problem of the diffusion of the re-component itself is signif¬ 
icant only at such high energies (in the upper part of the atmosphere 
of the order of some 10 BeV) that the re-meson will have a not 
negligible probability of avoiding decay in a geometrical path. 
Tne interaction theoretically predicted between re-mesons and 
nuclei, treating re-mesons as the agent of nuclear forces, is not 
experimentally well verified, because much of the data are in¬ 
consistent. However, some clarification comes from recent work 
on artificial production of re-mesons (Burk ardent et al. [1950b]; 
White et al. [1950]; Powell [I960]), in terms of nuclear inter¬ 
actions having a mean free path X comparable to the geometrical 
path; the effect of this interaction is a nuclear event accompanied 
by production of high and low energy particles with no significant 
difference from the other nuclear events already described. Then. 
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since at the energies concerned losses by ionization are negligible, 
the diffusion equation which can be considered uni-dimensional 
in the above range is: 



An equation of this kind has already been used (Greisen [1948]) 
to interpret the variation of the //-particle integral spectrum 
underground in terms of the competition between the spontaneous 
decay processes (expressed by the term — (Plte)-n) and the nuclear 
absorption (expressed by the term — (1/A) in that part of the 
atmosphere where the //.-particles were generated (see § 2). It is 
easily seen that if A = R i.e., the n- component follows the same 
absorption law as the nucleonic component, the region where the 
change in the //-component spectrum occurs corresponds to a 
depth which can be approximately calculated on the basis of the 
following relation: 

f} = Kl±y h . 

Y 

If the ar-meson mean life is 2.10- 8 sec., the exponent y of the 
generation integral spectrum 1.6, and if the ratio of energies, K, 
of the jr-meson and the //-particle at high energies is 1.25, 

h — 300 m.w.e. 

as is observed. It must be pointed out that this outline does not 
provide a zenith angle anomaly corresponding to the change of 
the exponent of the integral spectrum, that is, the zenith angle 
effect is given at any altitude by 

M(0) =•- JW(0) cos 0. 

Equations of the kind 

5r"* , s-(T + 4) J '+«< t ’ ! > 

in which the energy losses by ionization are also considered, are 
used in order to investigate the diffusion of Tt-mesons in condensed 
materials. In these conditions, the behaviour of sr-mesons should 
be strongly characteristic of the nature of their nuclednic inter¬ 
action. If this occurs strongly, the absorption of the sr-mesons 
is similar to that in cascade multiplication; on the other hand. 
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when weak nuclear interactions occur (X -> oo) ^-mesons are 
essentially absorbed in range. Unfortunately, the experimental 
evidence available at present does not allow a more- detailed 
discussion. 

The preceding equation can evidently be used in order to set up 
th ® „ T ffusion e< l uation for highly energetic ^-particles (Gajrelli 
and Wataghtn [1950]), in which the ^-particle decay, their losses 
by ionization and the generation function deriv ing from. the n- 
meson decay will be included. 

9.4 Neutral jr°-mesons 

Little information is yet available about the 7 r°-spectrum, for 
the mean life does not allow a spectrum to be obtained directly 
ff “ the case of the »*-mesons. Moreover, since events occur as 
if photons were directly generated in nuclear collisions, what will 
be important is the determination of the generation function of the 
gamma-photons f{E), which presumably will decrease exponent¬ 
ially with altitude in the same way as the nuoleonic component 
and therefore with a law of the kind: 


f(E) exp (— t/B) 

where JR represents the absorption path of the nucleonic component. 
Ibis generation function will lead at any . altitude to the electron- 
photon component, the behaviour of which should be predicted by 
knowledge of the generation function alone. The generation 
spectrum of the primary photons has recently been obtained by 
examining the electron pairs on plates exposed at high altitudes 
(Caelson etal. [I960]) and it has been found to coincide with 
the spectrum expected from the decay of ^-mesons (Pig 14) 
under the reasonable hypothesis that their generation spectrum 
is formally similar to that of the 7 r + -mesons. Since the theory of 
the electron-photon cascade is reliable, it should be possible to 
determine with sufficient accuracy the general behaviour of the 
electron-photon component at different depths. Unfortunately, the 
experimental picture is not suitable for a detailed comparison 
because there are not enough experimental results on the spectrum 
of the eleotron-photon component. 

The various processes of generation of penetrating particles 
from photons, whioh we have reported for completeness sake, are 
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n °t important from the point of view of the equilibrium of the 
various components in the atmosphere, except perhaps for nuclear 
photo-disintegrations, which may be responsible for a certain 
number of low energy stars. 



Pig. 14 - Spectrum of y-radiation at 70,000 feet. The full line is that giving 
tlio bent fit with the experimental results, and the mass of n° is deduced 
from it. (Carlson, 1950). 

9. 5 r and V-partides 

In addition to neutral and charged jr-mesons, other kinds of 
particle are now considered in the cosmic ray phenomenology; 
these, too, are presumably produced by nuclear interactions. The 
present state of knowledge concerning these particles is given in 
the second paper of this volume (Butler), from which it will be 
clear that those partiolos cannot at present be taken into account 
in the general atmospheric equilibrium. Although their appearenoe 
will certainly alter to some extent the picture already outlined, it 
seems most improbable that their intrusion will be quantitatively 
important. 

10. Low ENERGY EVENTS IN THE NT-COMPONENT 

In nuclear collisions, in addition to streams of collimated 
energetic particles, particles of intermediate and low energy are 
also produced, distinguishable by their different ionizing power 
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and penetration; the majority of these particles are nucleons and 
heavier nuclear fragments. The low energy particles (a) have an 
energy distribution reaching its maximum at about 15 MeV in 
accordance with the evaporation theory of the nucleus; the more 
energetic particles (6), on the contrary, which are less frequent, 
are generally considered either as the recoil nucleons of inelastic 
processes or as caused by knock-on collisions, that is, by collisions 
occurring close to the surface of the nucleus so that the secondary 
particles can immediately escape without giving rise to other 
phenomena. While there is a satisfactory model for the evaporation 
process, based upon the thermodynamic theory of the nucleus 
excited by the energy gained in an encounter, no detailed model 
is available for the formation of particles classified under (b) 
which have energy sufficient to give rise to low energy secondary 
stars. Their importance in the atmosphere is greater than that 
which might be supposed on the basis of plate evidence, because 
the percentage of knock-on and recoil nucleons originating in fight 
nuclei is much larger than that associated with the characteristic 
heavy nuclei of the plates. In this way, a multiplication chain of 
disintegration stars is possible, which is the essential feature of 
the low energy nucleonic component. 

For the quantitative problem of this diffusion, we note that 
the distinction between the components of high and low energy 
^as a clear physical basis. The high energy events which lead to 
the generation of rc-mesons exhibit a large coefficient of inelasticity 
so that the absorption coefficient appears to be remarkably con¬ 
stant at these energies. On the other hand, scattering experiments 
with artificially accelerated particles show that at low energies 
(about 100 MeV) the losses inside nuclei caused by elastic collisions 
with the nuclear material are very high, so that nuclei of inter¬ 
mediate atomic weight are practically opaque to nucleons. From 
the former case the cross-section for inelastic losses probably 
decreases rapidly below about 1 BeV, and reaches at about 300 MeV 
the extremely small values obtained in measurements by the 
cyclotron groups. The energy losses, however, due to elastic 
collisions mside the nuclear matter increase as the energy decreases. 
It is therefore to be expected that in the band from about 200 MeV 
up to about 1 BeV there is a relatively transparent region for 
nucleons, in the sense that a nucleon having energy about 0.5 BeV, 
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when it strikes a nucleus, will lose a relatively small fraction of 
itfc* energy. This fact justifies the phenomenological distinction 
between high and low energies, and allows us to consider the low 
energy nucleonic component for some purposes as secondary. This 
view is further supported by the presence of a transition effect 
(Frkier et al. [1949]) of the secondary component in the upper 
atmosphere, shown in the frequency of small stars. 

The nucleonic component of intermediate energy has not a well 
defined character. It, undoubtedly contributes to the formation 
of low energy stars (Bernardini et al. [1950a]), but, because of the 
small value of the cross-section for the relevant energy range, the 
stars with many prongs and with slow mesons form only a small 
fraction, and do not allow useful estimates about primary energy. 

10. 1 Equilibrium between stars and neutrons 

The multiplication of stars, one from another, is due to the 
fact that from each star there are derived, on average, a certain 
number of particles having energy still sufficiently high to be capable 
of giving rise to a new star. This happens until the energy of the 
star is reduced to about 100 MeV. In the meantime, the ratio of 
protons to neutrons is becoming rapidly smaller, for the former 
are quickly slowed down by ionization which does not affect the 
latter. It follows that the majority of nuclear events at low energies 
are caused by neutrons. The definite predominance of neutrons 
Iwgins at the energy for which the proton range in air is of the 
same order as the mean free path for nuclear collisions, (Ferretti, 
[ 1 949], Budini and Dallaporta, [1950]). 

Below the limit of about 100 MeV, the chain of nuclear reactions 
passes over into the low energy sequence (Bbthe et al. [1940]) in 
which only neutrons have a part. These neutrons, which suffer 
a continuous diminution of energy in elastic collisions, are con¬ 
verted in a path of about 90 gm.cm -2 (Davis [1950]) into 
thermal neutrons, isotropically distributed and detectable in BF 3 
counters; finally they are captured by nitrogen nuclei. It is in¬ 
teresting to compare the frequency of the capture events, which 
in the intermediate atmosphere are in equilibrium with the acts of 
generation, and the frequency of the nuclear evaporations from 
which the neutrons are derived. 

This comparison can be carried out if one can trace back from 
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the frequency of stars detected in an emulsion to the frequency 
of stars occurring in air, but the argument is made somewhat 
uncertain because the ratio between the mean cross-sections for 
star production in emulsion and in air is not experimentally 
known: it is generally assumed to have the same magnitude as 
the ratio of the corresponding geometrical sections, which are 
defined by the nuclear radii: 


r = vl 1/s r 0 = 1.37 - lO-w cm. 


Experimental determinations seem either roughly to confirm this 
result (Salant et al. [1950]) or bring into evidence (Harding 
[1949]) results which could be better interpreted by assuming 
for light elements a cross-section relatively higher than that 
calculated for heavy elements on the basis of the above relation, 
but the uncertainty of the numerical factor to be brought in 
makes it preferable to assume the relation to be valid. 

If ^em = 30 is the average atomic number and 5 m = 45. lO -26 cm 2 
the average geometrical cross-section for photographic emulsion, 
and -"air = 14.6 and 5^, = 35.10~ 26 cm 2 the corresponding values 

for air, and putting g for the density of emulsion, one gets immedi¬ 
ately: 


N %it (gm- 1 sec- 1 ) = I d-ss £»£ 1 

6 -^alr °em 


8.64.10 4 •^em( cn i -3 day -1 ) 


= 4.8 10“ c N (cm -8 day -1 ). 


If Harding’s factor for fight elements had been taken into account 

we would have found a rather higher value for the conversion 
modulus, say 6.10~ 8 . 


IVom the data of an earlier section (see § 5.3), the behaviour 
of stars with height can be deduced and hence the behaviour with 
height of the radiation which generates them. Since the generating 
radiation essentially consists of nucleons, it should be expected 
to mcreasemth height according to the Gross function (Janossy 
[1950] p. 138). The Gross function: 


G(t) = 2n J exp { - (t/E cos 0)} sin 6 <16, 

is not very different from an exponential at depths which are 
large compared with the directional absorption path, i.e., at 
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sea-level or mountain altitudes; but in the upper part of the 
atmosphere the difference between the Gross function and an 
exponential is considerable. Therefore, if stars are indicative of 
constant efficiency for detection of the. nucleonic component in 
the upper part of the atmosphere, one would expect the number 
of stars to increase much more rapidly than is found at sea-level. 
But stars are by no means reliable indicators of the nucleonic 
component generating them, because there is certainly a large 
energy band from about 0.5 BeV up to 2 BeV in which nuclei are 
fairly transparent to nucleons. In this region, therefore, the gener¬ 
ation of a visible star is a relatively more improbable event than 
either in the low or high energy regions. This circumstance, to¬ 
gether with definite absence of very low energy nucleons (<1 BeV) 
in the primaries and with the fact that nucleons of this energy are 
generated abundantly in the atmosphere by more energetic nu¬ 
cleons, justifies the existence of a transition effect in the atmos¬ 
phere for small stars having few prongs (the excitation energy 
of which is some 100 MeV) (Lord [1951]; Freier et al. [1949]). 
The cut-off of the primary spectrum in the upper part of the at¬ 
mosphere determines an effect which is opposite to that due to 
the increase of the Gross function relative to an exponential; 
this fact leads to an approximate compromise, which certainly is 
only rough, assuming that the increase of nuclear evaporations 
is, except in the highest atmosphere, a simple exponential 
function of absorption path, 140 gm.cm -2 . Then, normalizing 
to data at sea-level and on mountains, 

N m ~ 2500 exp (— i/140) cm -8 day -1 

where t indicates the depth of the atmosphere (in gm.cm -2 ) from 
the top downwards. According to our previous discussion, this 
result may bo expressed in terms of stars in air: 

N^ t — 0.012 exp (—i/140) gm -1 sec -1 

The results are summarized in Fig. 15. 

From these values wo can also derive the total number of stars 
generated per second in a vertical column of the atmosphere having 
unit cross-section (1 cm 2 ); thus: 


iVjjr — 2 cm -2 sec -1 
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This number agrees perfectly with a result recently obtained 
(Yuan [1951]) according to which the total number of neutrons 
generated per second in a 1 cm 2 column of air is 

w a ir = 7.1 cm _2 sec _1 

Comparison of these two values yields a value of 3.5 slow neutrons 
per star. It is extremely probable that these slow neutrons are 
almost exclusively produced in the evaporation processes, and 
their number is not in disagreement with experimental determ¬ 
inations. 



*£ I 5 ~ lQt T ity Va altitude curve s for A: slow neutrons, and B: stars 
and bursts, (neutron captures and star intensities in units seo-igm-iair 
• Yuan, . Bndge, + Lord, Lx Lattimore, Bx Bemardini, G x George! 
A Addario. 0 Normalization point for bursts. 
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Another interesting comparison consists in the determination 
of the ratio between the above total number of disintegrations 
and the total number of primary particles incident on the top of 
the atmosphere. Indicating with J the average intensity of the 
primaries incident on the top of the atmosphere, the total flux 
will be nJ and therefore the required ratio will be 

N^ t jjcJ 

It is reasonable to take 

J'—> 0.1 cm -2 sec -1 sterad -1 

and hence the ratio is about 7, in accordance with Bernardini’- 
estimate (Bernardini et al. [ 1 9.50a]) of low energy secondary nus 
cleons generated in the atmosphere. 

It follows that about 7 nuclear events occur in the atmosphere 
for every primary incident nucleon. This again emphasizes that 
the component which generates the majority of nuclear evaporations 
is a secondary one, more slowly absorbable and derived from the 
nucleonic component of high energy which, on the contrary, is 
absorbed rapidly in a few inelastic collisions. The stars with many 
relativistic prongs may be considered as indicative events of the 
high energy nucleonic component; a confirmation of these arguments 
is provided by the fact that the decreaso of these energetic events 
in the atmosphere is more rapid (Addario and Tamburino [1949]) 
than that of low energy events. 

Finally, the values calculated either for the frequency of 
evaporations or for the frequency of slow neutrons may be used 
in order to estimate the fraction of energy flux transferred by the 
primary component and dissipated in the atinosphore in evapor¬ 
ation processes. 

If the number of neutrons is doubled in order to take into account 
the charged particles also, and if the energy of 35 MeV is ascribed 
to every evaporated particle (Bernabdini et al. [1950a]), one gets 
the total ’result of ~ 1(10 MeV cm _2 Hoc“ 1 8terad -1 , which is not 
very different from that estimated by Rossi [1948] on the basis of 
much loss certain experimental data. The value of 245 MeV diss¬ 
ipated per star in the evaporation process, and calculated from the 
preceding data, is rather uncertain for the light elements (N, 0) 
under consideration, but this estimate cannot be greatly improved; 
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moreover, the evaporation process is not the only cause of energy 
dissipation, because the emission, of heavier particles, gamma- 
quanta etc., should be taken into account. 

11. Extensive air showers 

All the components of the beam, which have up to now been 
considered separately, are'found altogether in the complex events 
called extensive showers. 

These showers, which were at first treated as simple electron- 
photon cascades, contain, in addition, penetrating particles among 
which all the known particles can probably be identified. The 
hypothesis that they are generated by primary electrons of ex¬ 
tremely high energy (> 10 16 eV) is not now accepted in the 
light of the arguments given in § 1.4 and one must consider the 
penetrating particles as the residue of the generating agent from 
which, in ways which have already been described, the electron- 
photon component is derived. It is of interest, on the more recent 
work, to note why the electron-photon component has, in the ex¬ 
tensive showers, the conspicuous development observed, which is 
not shown by lower energetic events such as the penetrating showers 
of Wataghin and Janossy (Janossy [I960]), which we have al¬ 
ready discussed. We must suppose that a certain number of charged 
and uncharged si-mesons are generated in every nuclear interaction. 
At moderate energies the charged sr-mesons decay into /i-particles 
and therefore they contribute only to the penetrating component- 
but at very high energies, they will interact with the nuclei before 
decaying, and will in this way be replaced, partially by sr°-mesons, 
whioh will contribute to increase the soft component with respect 

to the hard. A quantitative analysis of this mechanism is not vet 
possible. J 

12. Energy balance of the cosmic ray beam 

The sum of the preceding data, although incomplete from many 
different points of view, is nevertheless sufficient to allow a pre¬ 
liminary evaluation of the whole balance of the propagation of 
the cosmic ray beam through the atmosphere to be made. The 
most important problems concern the flux of energy dissipated 
as a whole by the cosmic ray beam in the atmosphere and. under¬ 
ground, together with the relative percentage of neutral and 
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charged mesons generated in nuclear collisions, and the variation 
of the absorption path, for the nucleonic component, with energy. 

12.1 Flux measurements 

Regarding energy dissipation, Rossi [1948] obtained for the 
vertical beam a total value of 695 MeV cm-^sec-^terad -1 by 
adding the contributions of the various components in all the 
different absorbing processes. This value must be corrected as 
shown in Table 14, in order to take into account, on the basis of 
our present knowledge, the decay of a ^-particle into an electron 
and two neutrinos (Steinbergeb, [1949]; Anderson etal. [1949]; 
Davies et al. [1949]) and also the decay of a rr-meson into a /i- 
particle and a neutrino. 


TABLE 14 



Rossi 

Revised 

Collision loas of jtt in atmosphere , . 

82 

62 MeV cm~*sec~- i sterad“ 1 

Collision loss of ^ underground . . 

37 

37 

Collision loss of N-rays .. 

52 

52 

Collision loss of electrons . . . . , 

285 

285 

Sum of above collision losses , . , 

436 

436 

Sum corrected for angular spread . 

480 

500 

Neutrino loss (docay of p) .... 

95 

127 

Neutrino loss (decay of n) . 


78 

Energy loss in nuclear disintegrations 

120 

160 

total. v. 7” rr 

695 

865 MoV cm~^sec~ 1 sterad _1 


The estimate of the neutrino losses is based on tho following data: 

Total energy which goes to .-t-mesons 367 MeV cin-^eo-isterad -1 
Total energy which goes to ^-particles 289 
Difference, to n — p decay neutrinos 78 

Energy dissipated as decay products of n 190 MeV om^sec^sterad- 1 
Energy going to flocay electrons 63 

Difference, to /* — c decay neutrinos 127 

Tho abovo values have boon computed using the constants: 
m n = (274 ± 6) in 0 m„c a = 146 MeV ) m„o* 
m lt = (215 ± 6)m 0 m /( c s = 110 MeV ) in, t c a +T ~ L27 ' 

Let us examine first of all whether it is possible to confirm the 
total values listed in Table 14 in any other way. Considering the 









382 


EQUILIBRIUM IN THE ATMOSPHERE 


general description of all the components, it is apparent that the 
primary energy is completely dissipated either in the generation 
of charged and neutral jr-mesons, in inelastic collisions, or by 
the production of a low energy nucleonic component responsible 
for nuclear evaporations. The energy necessary for the production 
of charged jr-mesons may be reckoned on the basis of Sands’ data 
[1950] concerning the production spectrum for ^-particles, while 
the energy dissipated in the production of jr°-mesons may be 
evaluated as the total energy of the soft component (excluding 
that of secondary origin) generated by conversion photons the 
spectrum of which is known. Furthermore, the energy loss by 
ionization of the N-rays and the energy loss in nuclear disinte¬ 
grations must be taken into account, and these can be derived 
from the values listed in Table 14. One thus obtains the values 
given in Table 15 j it is interesting to note that there is satisfactory 
agreement between the new total and the previous one, so the 
analysis we have carried out appears to be confirmed. 


TABLE 15 


Energy which goes into charged mesons . 

375 MeV cm" 2 sec" 1 sterad' 1 

Energy which goes into neutral mesons. . 

190 

Collision loss of N-rays. 

52 

Energy loss in nuclear disintegrations. . . 

160 

Correction for angular spread. 

62 

TOTAL . 

839 MeV cm““ 2 sec” 1 steracl~’ 1 


If there are no gaps in our present knowledge about secondary 
processes incited by the primary radiation, and if all the events 
dissipating energy in an unobservable manner (for example, 
neutrinos) have been identified, then the total obtained above 
must be equal to the energy flux transferred by the primary 
component into the upper part of the atmosphere. On the basis 
of the energy spectrum and of the structure of the primary com¬ 
ponent, it is possible to calculate directly this flux and to compare 
it with the dissipation estimates just given. From the data given 
in § 2, one obtains a value for the inward flux of <-*/1600 MeV cm -2 
sec -1 sterad -1 in northern latitudes (~ 50° North), which is very 
much greater than the value obtained in Tables 14 and 15. 

A direct comparison of total ionization measurements through- 
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out the atmosphere provides a datum on. the dissipated energy, 
and the energy flux thus calculated brings into evidence the same 
disagreement. The ratio between the omnidirectional and vertical 
measurements which are respectively concerned with the energy 
flux calculated on the basis of the flux of particles, and with the 
energy dissipated by ionization, effectively indicates that a larger 
amount of the omnidirectional flux than of the vertical flux is lost. 
This indicates that the disagreement is confined, in a predominant 
way, to phenomena of moderate energy and essentially at the top 
of the atmosphere. Probably the greatest uncertainty is restricted 
to low energy nuclear events which escape direct control, although 
possibly also to events of a still unknown nature. 

We shall conclude this analysis by fixing for computational 
purposes two primary spectra of the form already indicated 
in § 1. 

One of them has been derived from flux measurements (Winck- 
ltsr et al. riOUO]) and is chosen to give the best fit. The other one 
appears as reduced, with respect to the former, at the low energies 
in order to account for the value of the energy dissipated in the 
atmosphere, and to account for the integral spectrum for the 
primaries of extensive showers (Williams [1948]). If the energy E 
is expressed in BeV, the spectra are of the form: 

iV x (5s E) ---■ 0.4 (E + 1.1)" 1 cm -2 sec~ 1 sterad -1 1 ^ E < 15 
and N 2 O E) -- 1.75 (E + 3.4) -1 - 75 cm -2 sec -1 sterad -1 , 

where on the right hand side we have indicated the particle flux 
assuming protonic primaries. 

The reduced spectrum (1V 2 ) is justified not only by the values 
of the energy dissipated in the atmosphere but also by the hypo¬ 
thesis, already mentioned in § 1, (Wincklkr et al. [I960]), that 
the flux measurements at 15 gm.cm~ a of residual atmosphere 
are appreciably affected by secondary radiations. A correction 
up to 20 % near the equator is certainly due to the reproduction 
of the primary in this 15 gm.cm -2 , as can be demonstrated by 
extrapolating the measurements which have been reported at 
zero depth of the atmosphere. Lateral showers and the albedo 
will probably contribute another 20 % (Winckler). Of course, 
the choice of the reduced spectrum is somewhat arbitrary, but it 
is reasonable to hope that it is not far from true values. The relation 
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between the integral spectrum and the energy flux for a deter mina te 
inferior cut-off on the spectrum, is immediately found: 

12. 2 Ratio between neutral and charged at-meso ns 

Let us now consider the second question, that is the evaluation 
of the ratio between the number of 7 i°-mesons and of charged 
jr-mesons ejected in nuclear disintegrations, therefore, the ratio 
between the generation spectra of the electron-photon component 
and of the ^-component in the atmosphere. 

We shall briefly mention the more or less direct results available. 
By examination of high energy nuclear events on photographic 
plates and in cloud chambers, it is possible to determine directly 
the ratio between the production frequencies of io nizing particles 
of high energy and of electron pairs derived from rc-mesons. On 
the basis of the assumption that 80 % of the charged particles of 
high energy ejected in nuclear events are mesons of both signs, 
this estimate follows, taking into account the conversion prob¬ 
ability for photons in emulsion. This estimate gives the values 
listed in Table 16. 


TABLE 10 


Author 

Ratio 

Method 

Carlson [1960] . . 

0.46 ±0.10 

plates 

Bradt [1960c] . . 

0.39 ±0.13 

plates 


Further information is provided in an indirect way, but still 
based on single elementary phenomena, by considering (Camebini 
[1961]) the energetic balance between the primary energy and the 
sum of the energies concerning the various secondary components 
for nuclear disintegrations due to inelastic collisions of a charged 
incident particle. Supposing that in the events treated only n*- 
•and 7r°-mesons, recoil nucleons and evaporation particles are 
generated, and that the neutrons and protons are of comparable 
distribution, it is possible to obtain by difference the energy 
available for the production of the jr°-mesons and, hence, the ratio 
(charged)/(neutral) mesons (assuming .similar production spectra 
for both kinds of meson); one finds in this way for the ratio 
ji 0 ]^ the value: 1.1 ± 0.2. 
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In addition to these direct estimates based on the investigation 
of single events, in which particles come into being, there are 
indirect data based on the analysis of the components generated 
in the atmosphere by charged and neutral mesons respectively, 
that is the ^{-component and the electron-photon component; 
Rossi [1949a] estimates the value 289 MeV cm -a sec — hrterad - for 
the total energy dissipated by the electron-photon component. 
But, since the electron-photon component is partially seondary 
to the ^-component in the knock-on and decay processes, and 
since the ^-particles lose in decay an energy equal to 190 MeV 
cm -2 sec -1 sterad -1 , one third of which is transferred to an electron 
and two-thirds to neutrinos, one obtains for the total energy 
dissipated by the electron-photon component (apart from second¬ 
aries) 222 MeV cm -a sec -1 Hterad -t . 

Supposing, further, that the electron-photon component, not 
secondary to the hard component, is generated only thr ough the 
conversion of jr°-mesons, we find the value 222 MeV cm^seo -1 
sterad- 1 for the energy going into jr°-mesons in the atmosphere. 
The corresponding datum for charged jr-mesons is deduced from the 
value of the energy transfer to the /^-component, taking into 
account that in the conversion n -*■ /u + v the ratio between the 
energy of the jr-meson and the average energy of the ^-particle 
is equal to 1.27. ThuR the energy going into it*-mesons is 357 MeV 
cm“ a Hec _1 Bterad” 1 , and the ratio of neutral to charged mesons is 
0.60 J: 0.15. If, following Rossi, an average statistical precision 
of 25 % is assigned to the measurements of the electron photon 
component, this estimate does not differ significantly from the 
preceding ones. 

A more detailed and somewhat less indirect analysis could be 
made still taking into account the two components under con¬ 
sideration, but supposing them to bo generated by two souroes 
emitting respectively jt±- and rr“-mesons, the former with spectr um : 

B exp (- t/R) f(E) dE dt, 

and the latter 

A oxp (— t/R) f(E) dE dt. 

By means of the well-known diffusion equations of the two 
components generated in this way, it is possible to determine the 
ratio AjB from the intensity data in the atmosphere. 


25 
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All the estimates of the ratio ot 0 / 71 * seem not incompatible with 
a value of 0.75, which is to be expected from the symmetrical 
theory of nuclear forces. If it is assumed that mesons are the 
particles which, according to meson theories, represent the field 
quanta of nuclear forces and which in bremsstrahlung at high 
energies appear as real particles, they are also responsible for the 
phenomena at lower energies, where the field of force plays a 
part as nuclear link and as elastic scatterer for nucleons. At low 
energies this interaction can be described in terms of a virtual 
exchange between neutral and charged mesons among pairs of 
nucleons. Charged and neutral mesons correspond respectively to 
two fields, the “charged field” and the “neutral field”. The ratio 
of the intensity of these two fields, which can vary from theory 
to theory, is equal to } in the symmetrical theory, which seems to 
have been definitely confirmed, at least up to an energy of 200—300 
MeV. This would mean that the field radiated at high energies as 
charged and neutral mesons gives unaltered the relative numbers 
of the two kinds of particle of which it consists, as referred to the 
static field describing the low energy interaction. 

12. 3 Variation with energy of the absorption length of the N- 
component 

(e FmaU y> we discuss the third question stated in § 12: The quantity 
“absorption path” undoubtedly undergoes a systematic variation 
with the energy of the detected events. With reference to nuclear 
events the energy of which is of the order 10 BeV, the absorption 
path seems to approach the value corresponding to the geometrical 
section of air nuclei; for those events by which the majority of 
mesons diffused in the atmosphere are generated it gradually 
uwreases up to about twice the value of the geometrical path, and 
afterwards, for slow neutrons, the absorption path increases as 
the energy decreases until it reaches paths extending to 2.5 to 
3.5 times that defined by the geometrical section. The essential 
feature related with this gradual increase of the absorption path 
may be identified in the different manner according to which the 
energy of the N-component in the various nuclear events is 
degraded. According to the hypothesis that the geometrical path 
effectively represents a minimum, a path close to the geometrical 
path signifies that the energy is almost completely degraded at 
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each collision, or that tlio absorption is practically catastrophic, 
whilst a path long with respect to the geometrical path brings 
into evidence that the energy is only slowly absorbed. As support 
for this picture one may refer to the experimental results, still 
however inadequate, concerning the ratio of the two kinds of 
particle generating these events, i.e. protons and neutrons. If the 
absorption path is considerably longer than the geometrical path, 
it is to be expected that the ratio exclusively depends on the 
manner in which protons and neutrons are reproduced, and on the 
way in which they are absorbed during their propagation in the 
atmosphere. In this case, except near the top of the atmosphere, 
the residue of primaries mas a very weak influence. On the other 
hand, if the absorption path has a value very close to that of the 
geometrical path, and therefore the absorption is appro xima tely 
catastrophic, then at various depths of the atmosphere only the 
residue of the primary which has avoided collisions with air nuclei 
down to that level will be observed. The experimental evidence 
actually seems to indicate that in the atmosphere the nucleonic 
component of moderate energy is formed of approximately equal 
numbers of protons and neutrons and that the latter are far 
more numerous than protons at low energy because of the different 
energy losses; while, finally, experiments show that in the interme¬ 
diate atmosphere the primaries of highly energetic events are charg¬ 
ed particles the number of which is compatible with the primary 
residue if protons aro approximately as numerous as jr-mesons. 

Further experimental data are required in order to convert 
these arguments into a consistent physical picture. 
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INTRODUCTION 


The number of investigations of underground phenomena of 
cosmic rays is really quite small when compared with the large 
number of papers published concerning the radiation above ground. 
Over the last three years, only 10 out of 520 cosmic ray papers 
in the Physical Review dealt with underground observations. The 
subject is one therefore that the physicist can hope to grasp in its 
entirety. In the following I shall attempt to give a connected 
account of the main features of the radiation so far observed below 
ground, and to show that a reasonably consistent interpretation 
can be given in terms of the behaviour of the cosmic ray 
//.-mesons. 

I propose to begin with a discussion of the variation with depth 
ol the cosmic radiation below ground, and the evidence provided 
by cloud chamber studies concerning the nature of the radiation. 
Then we shall see to what extent the depth-variation can be 
understood in terms of our present knowledge concerning the 
production spectrum of the ra-mesons in energetic nuclear collisions 
of the primary radiation, and the decay of the irc-mesons into 
/e-mesons. After that 1 propose to review and discuss more specific 
phenomena under their separate headings: fluctuations, stars, 
showers, and bursts, finally mentioning the cloud chamber studies 
of the penetrating pairs discovered underground by Braddick 
and Hornsby. These latter events are not well understood and 
should prove to be one of the lines along which development may 
be expected in the future. 

1. TlIW MCTTH-INTENSITY RELATION; ABSORPTION 
MEASUREMENTS 

1. 1 Depth-intensity relation, experimental 

The first measurements at large depths were made in 1925, when 
Millikan and his collaborators started a series of observations 
with ion chambers lowered into snow fed lakes [1925, ’26, ’28, ’SI]. 
These authors showed that even under 80 m. water the ionization 
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current was finite and still decreasing with depth. These early 
measurements gave the first indication of the extremely high 
energies possessed by cosmic ray particles. Similar work by 
Regener [1931], using a high-pressure ion chamber, extended tho 
measurements down to 260 m. In order to guard against the effect 
of any change of the radioactive content of the water with depth, 
Regener surrounded his ion-chamber with a “wall” of surface 
water lm thick. The radioactive background is particularly troubl¬ 
esome in ion chambers operated at great depth and, in tho 
following, use will therefore only be made of observations carried 
out with telescopes of Geiger counters in coincidence. 

The earliest counter measurements were performed by Regen mb 
[1931] who recorded the counting rate of a single counter lowered 
into Lake Constance. The observations at the largest depths were 
not reliable, in view of the large background that had to be sub¬ 
tracted. Soon after this, Kohlhorster [1933, ’34], using a vertical 
telescope of counters in coincidence, extended the measurements 
to 1,000 m. During the years 1937/39, a series of more reliable 
measurements down to a depth of 1400 m. was made with counter 
telescopes by Ehmbrt [1937] in water, by Clay [1937, 1939a, b] 
in water and in a coal mine, and by Wilson [1938] in a mine. 
The measurements were extended to 3000 m. by Miyazaki [1949], 
where the intensity is 3 x 10~« of that at sea-level. In Pig. 1, the 
logarithm of the intensity reported by these authors is plotted 
against the logarithm of the equivalent depth expressed in metros 
of water. In addition the single points obtained at various depths 
by several other authors are given. All the results have been norm¬ 
alised to unity at sea-level. 

No attempt has been made to draw a line through these points, 
so that the reader may get an unbiased view of the results. Several 
authors have fitted two straight lines of differing slopes of their 
results plotted in this way, the junotion between the two lines 
occurring near 300 m. Above this so-called “knee”, the slope is 
given as 1.8, and below it as approximately 2.8 (Ehmbrt [1937], 
Wilson [1938], Clay and Ghmbrt [1939]). Up to the “knee”’ 
the radiation was assumed to consist of ^-mesons, but beyond it a 
qualitative change was thought to take place. Wilson and also 
Clay have suggested that the radiation at the greatest depths 
consists of protons, while Bamothy and Forro have favoured 
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neutrinos. A theoretical explanation of the knee has also been 
given by Greisen [ 1948 ]. 

However, looking at the points in Fig. 1, they would appear 
rather to fall on a continuous curve, concave to the depth axis. 
There seems to be no evidence for a “knee” in the curve. The 
knee may perhaps be attributed to the experimental physicist’s 
desire to plot his results on a straight line graph; in this case one 
line would not do and so two were pressed into service! Given that 
two straight lines are to be drawn through the po in ts of Fig. 1, 
then they would naturally meet at about 300 m., since this is 
near the middle of the graph. 

Log io intensity 



Fig. 1 Intensity — depth curve. (Experimental points). 


4 
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We will return to this question of the intensity at various under¬ 
ground depths at the end of this section, and will convert the 
relative intensities of Fig. 1 to an absolute scale of particle flux. 
Before doing this we must consider one or two other relevant 
features. 

1. 2 Absorption measurements 

It is now generally accepted that most of the penetrating com¬ 
ponent at sea-level consists of /^-mesons, although recently, Mylroi 
and Wilson [1951] have shown that approximately 1 % consists 
of protons. Underground, the incident protons will be rapidly 
absorbed, leaving only the ^-mesons. The ^-mesons will produce 
energetic electrons by various processes, discussed more fully 
below, and hence we must expect to find a soft electronic compon¬ 
ent present underground, secondary to the ^-mesons. Further¬ 
more, since the main energy loss of the mesons is due to ionization, 
the absorption in lead should agree with that calculated from the 
depth curve with a simple change of absorber thickness scale. 

Most of the measurements carried out below ground, with 
absorbers placed in counter telescopes, fit in with this simple 
picture, but there are some that do not. In Table 1, the main 

TABLE 1 


Absorption measurements below ground 


Author. 

Depth, metres 
water 
equivalent 

Soft component 
% of total 

Absorber, and 
maximum 
thickness used, 

Wilson, V.C. [1938] . . 

30 

6 

!Pb, 1 rjfi ¥ 

Auger & Meyer [1938] . 

30 

10 


Nielsen & Morgan [1938] 

’ 60 

20 

Pb, 60 cm. 

George [1946]. 

60 

10 

Pb, 60 cm. 

Randall et til. [1960] . . 

860 


Pb, 96 cm. 

Tiffany & Hazen [1960] 

860 

40 

PbJ 6 cm. 

Randall & Hazen [1961] 

860 

30 

Pb and C. 


features of the results of the authors in the former group are 
presented. The proportion of soft component has been obtained 
in the usual way, by extrapolating the absorption curve with 
more than 10 cm. Pb back to zero thickness. At a given'depth, 
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the estimates of the soft component do not agree particularly well, 
but there appears to be a slow increase in the relative amount of 
soft component with depth. This increase of the proportion of 
soft component is confirmed by shower measurements under¬ 
ground (§ 7. 1). It is also consistent with the expected behaviour 
of jw-mesons, since their mean energy increases with depth (§ 7. 1). 
Since the electrons will in general be produced at distances less 
than a few cascade units above the telescopes, the proportion of 
soft component recorded will be strongly influenced by the 
geometry of the apparatus, and it is likely that the discrepancies 
in Table 1 at a fixed depth can be explained along these lines. In 
the experiments of Tiffany and Hazen, the identification of the 
soft component was rendered more certain by observations in a 
cloud chamber containing lead plates in the path of the telescope. 

All the authors in Table 1 found that the absorption in lead at 
thickness greater than 10 cm. was consistent with that calculated 
from the depth curve. V. C. Wilson obtained the same absorption 
curve whether the lead was placed in or above the counter telescope, 
and concluded that the radiation at 30 m. depth consisted of 
ionizing particles. A similar conclusion was reached at 850 m. by 
Tiffany and Hasten, who were able to set an upper limit of 3 % 
on the amount of neutral radiation causing telescopo coincidences 
by way of secondary charged radiation. These authors placed a 
cloud chamber above a telescope, covering its solid angle of accept¬ 
ance. In 07 % of the relovant pictures a normal ionizing particle 
was seen in the chamber. 

Quite different conclusions have been reached by Barnothy 
and Fokko [1030, 1940, 1048]. These authors carried out a series 
of observations at a depth of approximately 1000 m.w.e., sum¬ 
marised in their 1048 paper. Using a 3-fold telescope, the ratio of 
the frequencies of 3-fold coinoidenoes to the 2-fold coincidences of 
the extreme counters, was found to be very small, of the order 
0.05, whereas in a similar experiment with a 4-fold telescope, the 
ratio of 4-fold to 3-fold coincidences was found to bo of the order 0.9. 
From this result they concluded that the greater part of the cosmic 
radiation at 1000 m. consisted of a neutral or thinly ionizing 
radiation with an efficiency of about 5 %. By rotating the telescope 
they showed that this neutral component was isotropic, and they 
suggested that it might bo identified with the neutrinos arising 
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from /f-meson decay, supporting their argument by pointing out 
that the observations were made beyond the “knee” of the depth 

With two different 3-fold telescopes, they investigated the 
absorption curve in lead up to about 1 m. The results obtained 
in the later experiment are drawn in Fig. 2. The line drawn by 
them through their points is shown dotted in Fig. 2. The alleged 



Fig. 2 - Absorption curve in lead at 1000 m. according to Bamothy and Forro 
-Line drawn by B. and F. 

— Results of other worker's. 

maxima at M 1 and were taken to indicate that two groups of 
charged secondary particles, with ranges ~ 10 cm. and 20 cm 
lead respectively, were produced by the neutral component The 
absorption curve obtained earlier also showed these large fluctu¬ 
ations but the maxima occurred at 50 and 80 cm. instead of 20 and 
56 cm. lead. The full line in Fig. 2 is the expected curve based on 
the work given in Table 1. 

Miesowioz et al. [1951] recorded 2, 3 and 4-fold coincidences 
m a telescope at depths 540 and 660 m. They confirmed the 
observations of Barnothy and Forro, but came to different con- 
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elusions. According to Miesowicz and his coworkers, the counter 
coincidences at these depths are caused by two components: 
(i) an ionizing radiation discharging counters with 100 % efficiency 
and vertically collimated, and (ii) an isotropic radiation discharging 
counters with low efficiency and strongly absorbed in lead. 
Miesowicz et al. concluded that this second component, responsible 
for a large fraction of the 2-fold coincidences in both Bamothy 
and Forro’s observations and their own, was simply y-radiation 
from local radioactive contamination in the surrounding earth. 
This explanation seems highly probable. 

1. 3 Angular distribution of the penetrating radiation 

Only three investigations have been made of the distribution 
in angle of the underground radiation. Expressing the ang ular 
dependence as cos” 0, the values of n obtained at various depths 
are given in Table 2. 

TABLE 2 


The exponent in the angular distribution 


Follett& Crawahaw 

Randall & Hazen 

Bollinger 

[1936] 

[1951] 

[1960] 

Depth, m.w.e. 60 

860 

1700 

Exponent, n. 2 

2.8 ± 0.1 

3.0 


If the penetrating particles below ground are jU-mesons, then 
on account of the high energies required to penetrate the loss of 
particles by decay will be negligible. Then assuming an isotropic 
primary radiation, the exponent in the angular distribution should 
be equal approximately to the slope of the intensity depth curve 
of Fig. 1, since, over a limited range, we may express the depth 
dependence as 

/(») = Ax~ v 

and hence 

I[x, 0) **= I(x sec 0, 0) Ax~ v cos’’ 0 = /(«, 0) cos’’ 0 

Tangents to the depth curve have been drawn and the resulting 
values of y are displayed as a function of depth in Fig. 3, on which 
are also plotted the experimental values in Table 2. The agreement 
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is quite good, though more experimental points are needed, 
particularly at large depths. 



1. 4 Depth-intensity relation, corrected values 

Since the angular distribution varies with depth (§ 1. 3), the 
relative counting frequencies at 2 depths will depend to a certain 
extent on the solid angle of the counter telescope. Also, the pro¬ 
portion of soft component is not constant. Values of the absolute 
intensity in the vertical direction, have been obtained by allowing 
for the angular distribution (talcing the exponent from Fig. 3), 
subtracting the soft component, and finally normalising to the 
value of /„ at sea-level given by Greisen [1942]. The best curve 
drawn through the experimental results treated in this way is 
shown in Fig. 4. 
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Fig. 4 - Intensity of hard component in vertical direction, in absolute 
units, as a function of depth. 

2. Cloud chamber evidence concerning the nature of 

THE RADIATION 

The work with cloud chambers may conveniently be discussed 
under the two separate headings: (a) the general features of the 
underground radiation, and (6) a study of interactions resulting 
in secondary penetrating particles. Here we shall only consider 
observations coming under the first heading, leaving the second 
until § 8. 

2.1 Observations at moderate depths, 20—60 m. 

The first cloud chamber observations below ground were carried 
out by Braddtck and Hensbv [1030] at a depth of 60 m. A lead 
plate of thickness either 1.4 or 2.5 cm. was placed across the 
horizontal diameter of the chamber. Expansions wore controlled 
by a simple telescope consisting of two counters above a.nd one 
inside the chamber, immediately below the lead plate. The chamber 
was not operated in a magnetic field. 
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As at sea-level, a large fraction (80 %) of the pictures showed 
one single ray penetrating the plate without appreciable deviation, 
while 6 % of the pictures showed the development of electron 
cascades in the lead plates.. The remaining 14 % were unclassified 
for various reasons. Most of them showed a penetra ting particle 
accompanied by one or two secondaries, probably electrons, which 
were absorbed in the lead plate. Apart from the relatively high 
frequency of penetrating secondary particles, discussed later, the 
general features of the radiation were very similar to those observed 
at sea-level. 


X 

f— 30.4 cn -- 



Fig. 5 - Cloud ohamber arrangement used by Wilson and Hughes at 71 m. 

Cloud chamber observations were also carried out at a similar 
depth, 71 m., by Wilson and Hughes [1943]. The chamber was 
mounted between the poles of a 600 lb Alnico permanent magnet, 
which produced a field of 1260 gauss in the plane of the chamber, 
enabling reliable momentum measurements to be carried out up 
to about 1 BeV/c. Three general arrangements were used to control 
expansions, shown in Fig. 6. 

(I) Coincidences of counters 1, 2, 3 and 4, no lead absorber 
present. 

(II) Same as (I) but with 10 cm. lead at B. 
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(III) Coincidences (1, 2, 3, 4) with 3 to 10 cm. lead at A plus 
1.2 cm. on chamber. Counters X, in parallel, light a neon 
lamp when they discharge in coincidence with (1, 2, 3, 4). 

The momentum spectrum of the 364 single tracks long enough 
for measurement is shown in Table 3 and Fig. 6, tracks showing 
momenta greater than 10 9 being classified as straight. 


TABLE 3 


Arrangement 

Total 

tracks 

Straight 

0.1-1.0 BeV/c 

<1 BeV/c 
Total 
(%) 

+ 

— 

(I) no Pb. 

174 

117 

22 

35 

33 

(II) 10 cm Pb at B. . . 

31 

23 

5 

3 

26 

(Ill) 3-10 cm Pb above 






chamber. 

150 

118 

18 

23 

26 


364 






From Fig. 6 it will be noted that with arrangement (I) there is 
a marked negative excess at low momentum. This may be under¬ 
stood simply as being due to knock-on electrons. With arrangement 
(II) the low energy negative excess disappears, there being now 
no particles with momentum below 210 MoV/c, which agrees well 
with the momentum for /^-mesons of range 10 cm. lead, 230 MeV/o. 
Electrons will certainly bo excluded by the lead absorbers. The 
five particles observed with momentum below 500 MeV/c were 
certainly not protons, since protons in this momentum range 
would have shown increased ionization. 

m * 1 n n nn fl flnnrim_Q_XL_ n -- 
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Fig. 6 - Momentum spectra taken from cloud chamber photographs at 71m. 
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The momentum spectrum with arrangement (III) is seen to fall 
between the spectra observed with arrangements (I) and (II), 
which is to be expected if the lead block absorbs all the incident 
low energy electrons but produces some further ones in collisions 
with the penetrating component. 

Analysing the data obtained with counters X and the neon 
lamps, it was found that in 11 out of 251 coincidences (1, 2, 3, 4) 
there were no neon lamp flashes. However, on looking at the 
corresponding cloud chamber pictures, it was found that in no 
case was there a ray visible whose projection passed through X. 
In seven pictures, no ray was visible. The chamber did not fill 
entirely the telescope solid angle, and these seven could easily 
be accounted for on these lines. Inclined showers were present 
in two pictures, and the remaining two showed single rays so 
inclined as to hit the ends of the telescope counters but not counters 
X. There was no evidence of the production of ionizing particles 
in the lead block A above the telescope, by a non-ionizing agent. 
Several knock-on electrons were observed to start in the gas of 
the chamber, and the numbers were found to agree with the 
theoretical calculations of Bhabha. 


The scattering of the penetrating particles in 2 cm. lead has 
recently been studied by Nash [1951] at a depth of 23 m., using 
a cloud chamber without magnetic field. The deviation-frequency 
distribution was found to bo consistent with the calculated distri¬ 
bution of multiple Coulomb scattering averaged over the expected 
energy distribution of the penetrating particles at this depth. 

A very small fraction, 0.4 %, of the particles showed deviations 
P'eater than 25°, and could not be so explained. A similar result, 
indicating an anomalous scattering cross-section of the same 
magnitude, ~ 10~ 28 cm 2 /nucleon has been obtained by Trent 
[1951] using the apparatus described in § 7. 2. 

Specific ionization 

The specific ionization of the underground particles was measured 
by Hazbn [1944] at a depth of 60 m. by drop counting in a cloud 
chamber with delayed expansion, and compared with similar 
counts at sea-level. The measured specific ionization was found 
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to be the same at both sea-level and 60 m. depth, while on account 
of the higher mean energy of the particles below ground, an increase 
of 15 % above the sea-level value was expected, on the Bethe- 
Bloch model, for them. However, the later work of Halpern and 
TTatt, [1948] based on the Fermi model predicts a much smaller 
increase of ionization, and the results of Hazen may be regarded 
as consistent with the theories of polarization effects. 

2. 2 Observations at great depths 

A cloud chamber was operated at a depth of 860 m. by Tiffany 
and Hazen. Their observations are of great interest, for no others 
have been carried out at any comparable depth, a depth at which 
counter measurements have been taken, by some authors, to 
indicate anomalous behaviour of the radiation (Barnothy and 
Forro [1940]). One bank of counters was placed in the centre of 
the chamber, which contained four one-inch lead plates with 
another bank below, and 2-fold coincidences between these trays 
triggered the expansion mechanism. Of 175 pictures taken with 
this arrangement, 153 showed a single ionizing particle penetrating 
the 10 cm. lead in the chamber with no unusual interactions. 
Eleven of the remaining pictures showed electron showers, leaving 
11 blank pictures unexplained. The expected number of accidental 
coincidences was 6, leaving an upper limit of five, or 3 %, that 
could be due to non-ionizing particles, though it is probable that 
these 5 can be explained in other ways. 

Another series of observations were carried out with the lower 
counters moved to a position above tho cloud chamber, the other 
tray remaining in the centre of the chamber. The counter system 
was now sensitive to electrons as well as to the penetrating compon¬ 
ent. The results of varying the nature and amount of absorber 
are shown in Table 4. 

TABLE 4 


Absorption of electrons from tunnel roof 


Absorber gm.om -2 

Penetrating 

Particles 

Electrons 

' 

Electrons 
% of total 

9 (A1 + .Brass.) . . . 

108 


41 

22 (A1 + Brass.) . . . 

100 


14 

06 (Pb, some A1 + Brass) 

224 


4 
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Electronic secondaries were also produced in the chamber and 
the results are given in Table 5. 

TABLE 5 


Secondary Electrons Produced in the cloud Chamber 


Absorber 

Penetrating 

Particles 

Electrons 

Ratio 

electrons/p.p. 

(%) 

Pb. 

808 

170 

22 

A1. 

561 

128 

23 

Brass. 

420 

73 

17 


The corresponding figure at sea-level found by Nassar and 
Hazen was 6 %. The increase at depth is easily understood in 
terms of the expected increase in mean energy of the radiation 
with depth. From this work it may be concluded that at 860 m. 
depth, the particles causing 2-fold coincidences in a counter 
telescope are ionizing. The proportion of soft component produced 
m the roof and in the chamber is significantly higher than at 
shallower depths. The soft component consists of electrons. 


3. The depth-intensity relation, theoretical 

From the work reviewed in the preceding two sections, it may 
he concluded that while there is little direct evidence that the 
penetrating radiation below ground consists of ^-mesons, there 
are no observations inconsistent with this assumption. In § 6 
evidence of a more positive nature is presented obtained in nuclear 
emulsions, confirming that at depths down to 60 m., the penetrating 
component consists of ^-mesons. The intensity-depth curve should 
erefore be closely related to the momentum spectrum of tho 
pene ra mg component at sea-level. In order to convert one to 
the other, it is necessary to make use of the relation between 
momentum and range, and this we consider first. 

3.1 Energy losses of fx-mesons 

Win8 to “*• ° f —w* i—— 
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(i) ionization. 

(ii) bremsstrahlung. 

(iii) electron-pair production. 

(iv) nuclear disintegration “stars” and showers. 

(v) production of penetrating secondary particles. 

(vi) Cerenkov radiation. 

Usually only the first process is considered. Lyons [1943] 
considered the second. Hayakawa and Tomonaga [1949] have 
pointed out the importance of the third. In evaluating the fourth 
and fifth contributions, results will be used that are given in 
detail in §§ 5 and 9. 

Ionization loss 

Following Fermi, the ionization loss may be assumed constant 
at high energy. For simplicity, we replace the real earth by a 
hypothetical medium of atomic number, Z = 10 and atomic weight 
A = 20. For such a medium, with density about 2, the formulae 
of Halpern and Hall give for the final steady value of ionization 
loss at high energy: 

(1) (dEldx) lon — 2.2 MeV gm -1 cm 2 


The cross-section for the production of a photon of energy 
between E' and E' + <IE' by a /i,-meson of energy E and spin £ is 
(Christy and Kusaka [1941]): 

( a{E, E') dE' = 

< 2 > 

where « 1/137 

r 0 « 2 /m 0 c 2 

m 0 electron mass 

[i meson mass (=- 2115 m # ). 

Multiplying (2) by E' and integrating, wo obtain for the energy loss: 

(dEldx) mli — iaZ i rl{m 0 lfx) i (NEIA) [in ($$&£) - 5 ] gm “ 2 cm 2 
= 1 . 5 x 10“ 7 E [In {EI/ac*) — J] gm -1 cm 2 , 
where N is Avogadro’s number. 
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This becomes important for energies greater than 100 BeV 
where it may be expressed simply as follows: 

(3) (dEjdx)^ = 107® E gm -1 cm 2 . 

Pair production 

The cross-section for the creation of electron pairs by fast 
charged particles has been given by Bhabha [1935]. Bhabha’s 
formulae for the production of a pair of total energy E' by a /i-meson 
of energy E may be expressed in the following form, where we 
write 183 Z-W = a: 

(4) o(E, E')dE = — (aZr 0 } 2 f(E, E') ( dE'jE') 
where 

f(E, E') = In (E'lm 0 c 2 ) In {EmJE'/u), m 0 c 2 < E' < 2am 0 c 2 

= In (a) In {EmJE'rf, 2am 0 c 2 < E' < (Emjp) 

= f (ErnJE'p) 2 In {^E'jmJE), EmJju <E'<2{E/ f ic 2 ) 2 m 0 c i la 
= f (EmJE'/u) 2 In (2 Ej/xc 2 ), 2(E/pc 2 )* m 0 c 2 /a <E' <E 

Multiplying (4), (5) by E' and integrating, we obtain for the energy 
loss by pair creation: 

(dEjdx ) palr = (aZr 0 ) 2 (NmJA/i) {E(& In (a) + 

-f 1 — (m 0 l/i) In (2 E/fic 2 )) — fie 2 (In ( E/fic 2 ) — In (2a) +• Jj)}, 

Substituting numerical values we get approximately: 

(®) (dE/dx)^ = 1.6 x 10~® E gm -1 cm 2 . 

Observations on the creation of electron pairs by fast cosmic ray 
particles have been reported by Occhxalxni [1949] and by Bbadt 
et dl. [I960]. Hooper, King and Morrish [1951] have been able 
to confirm approximately the validity of the formulae (4), (5) on 
which the expression for the energy loss (6) is based. 

Nuclear disintegration “stars” and showers 

Observations in nuclear emulsions exposed below ground by 
George and Evans [1950] have suggested that the cross-section 
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for the production of “stars” releasing energy in the limits E\ 
E' 4- dE f by a ju- meson of energy E is of the form 

(7) o(E, E')dE f - (2aaJn)(dE'IE') In (E/W), 

where a hv is the photonuclear cross-section, equal to about 2. lO-^cm 2 
(Miller [1951]). This cross-section is consistent with the observed 
total cross-section, ~ 10~ 29 cm 2 per nucleon, for the production 
of stars by fast ^-mesons. 

Multiplying equation (7) by E f and integrating, we obtain the 
following theoretical value for the energy loss by nuclear excitation: 

(, (dE/dx) Htax -■= iaoJStBjx 

l 5.10 -7 E gm -1 cm 2 

Production of penetrating secondary particles 

The production below ground of energetic penetrating secondary 
particles was first noted by Bbaddick and Hensby [1939]. Sub¬ 
sequent observations by Nash [1951] and Wolfbndale [1951] 
have suggested that those events are distinct from those discussed 
above. This is borne out by the fact that the cross-section for this 
process turns out to be of the order 4.10 -29 cm 2 per nucleon, at least 
four times greater than can bo accounted for by the observations 
on nuclear disintegration stars. It seems clear that this process 
must lead to loss of energy by the incident //-mesons, hut as yet 
we have not enough experimental data to give guidance in assessing 
the numerical value. As a first approximation, we assume that 
the cross-section varies with energy in a manner similar to that 
found in the nuclear emulsion work, but that the absolute mag¬ 
nitude is four times greater. This process then gives the energy 
loss by production of penetrating secondary particles: 

(9) (dEfdx) vea - 2.10-® J^gm _1 cm 2 

On theoretical grounds, ( Iakrblli and Wataghin [1950] considered 
the energy loss of fast //.-mesons resulting from w-meson production, 
basing their calculations ou the work of Sneddon and Touschbk 
[1949]. They arrive at a result very similar to equation (9), and 
it is possible that their calculations may be related to the process 
observed by Braddiek and Hensby. 
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Cerenkov radiation 

The energy loss as Cerenkov radiation may be written approx¬ 
imately: 

(10) (( dE\dx\ = 0.1 In (Ej 10®) MeV gm^cm 2 
where E > 1 BeY. 

3. 2 The range-energy relation for energetic p-mesons 

Adding together the various contributions (1), (3), (6), (8), (9) 
and (10), we obtain for the total rate of energy loss at high energies: 

(11) dEJdx = a + bE + c In (EJ 10 2 ), 
with E in MeV, 

a = 2.2 MeV gm -1 cm 2 
b = 5.1 x 10 -e gm -1 cm 2 
c = 0.1 MeV gm -1 cm 2 . 

Some representative values derived from equation (11) are given 
in Table 6 for our hypothetical rock, Z = 10, A = 20, and for lead. 


TABLE 6 

Values of dE/dx in MeV gm~ 1 cm s 


Energy 

(BeV) 

— - 1 

Ionization 

“b” term 

Ceronkov 

Rock 

Lead 

Rock 

Lead 

Rook 

Load 

1 

2.2 

1.3 

0.005 

0.019 

0 

0 

10 

2.2 

1.3 

0.05 

0.19 

0.2 

0.1 

100 

2.2 

1.3 

0.5 

1.9 

0.45 

0.2 

1000 

2.2 

1.3 

5. 

19. 

0.7 

0.3 


It is seen that the term proportional to E in equation (11) becomes 
as large as the ionization term at energies near 100 BeV, and that 
at higher energies it becomes dominant. This means that at these 
high energies it is no longer a good enough approximation to 
assume a linear relation between energy and range. The loss due 
to Cerenkov radiation is everywhere a small fraction of the total 
and is proportional to In E. We may get a closer approximation 
to the range-energy relation by assuming the Cerenkov term 
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constant and equal to its true value at E — 100 BeV. Then (11) 
becomes: 

^ dEjdx = a + c In (100) + bE 

(12) j = d + bE, 

and this may now be integrated to give the range-energy relation: 

(13) x = (1/6) In (1 + bEjd). 

This is plotted out in Fig. 7. At low energies the relation is linear, 
since here ionization is the dominant term, but at energies greater 
than 100 BeV the increased losses make themselves felt, and the 
range increases much more slowly with E, showing signs of saturat¬ 
ion at a depth of about 10,000 m. There must clearly be a marked 
effect on the depth intensity relation, which we will now consider. 



The values of dEjdx listed in Table 6, are admittedly theoretical 
figures, though there is experimental justification for each of the 
detailed processes considered. It would be of great interest to have 
experimental values of energy loss in absorbers at energies above 
100 BeV. This would seem to be within the capabilities of modern 
cosmic ray spectrographs. There may well bo other unknown 
effects coming into play at these extreme energies which are not 
envisaged in this report. 
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3. 3 The energy spectrum at sea-level 

The energy spectrum of the particles penetrating 10 cm. lead 
at sea-level has been measured by Cabo, Pabby and Rathghbeb 
[1950] using a magnetic deviation spectrometer. The apparatus is 
shown in the insert in Pig. 8. The differential momentum distri¬ 
bution is plotted in Fig. 8 together with the curve derived from 
earlier measurements by Rossi. The new results fit the curve well 
except in the high momentum region, where the points fall off 
faster with increasing momentum. In this region, the spectrum 
may be represented by a power law with exponent 3.0 ± 0.2. The 
explanation of the departure from this power law at low momenta 
in terms of fi -meson decay and the Tr-meson production spectrum 
is well known. Beyond 10 BeV/c, the effect of decay is negligible, 
and we therefore make the following assumptions as a first approach 
to the interpretation of the depth curve: 



Fig. 8 - Differential momentum spectrum at sea-level of cosmic ray particles 
able to penetrate 10 cm. of lead (Rathgeber). 
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(i) substantially all of the penetrating particles at sea-level are 
/^-mesons. 

(ii) the power law spectrum with exponent 3.0 may be extra¬ 
polated beyond the upper limit measured by Caro et al. 

It is then a simple matter to calculate the expected depth- 
intensity curve using the spectrum in Fig. 8, and the range energy 
relation (13) and Fig. 7. 



Fig. 9 - Depth—intensity curve, calculated including only increased 
losses of ^-mesons at high energy. 

The result is given in Fig. 0, where some points from the 
experimental curve, Fig. 4, are reproduced for comparison. The 
agreement is seen to be quite good down to the greatest depths 
at which measurements have been made. At depths greater than 
1000 m., the increased losses due to pair creation, etc., are appreci¬ 
able and the calculated curve begins to drop extremely rapidly. 
According to the results in Fig. 9, for example, the angular distri¬ 
bution at 6000 m. should be proportional to cos 6 0. It would be of 
great value to have many more measurements of the vertical 
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intensity and angular distribution at depths in the region 1 to 
10 Km. 

3.4 The influence of Tt-meson interactions 

In the above, the depth curve was explained simply by taking 
the //-meson spectrum at sea-level from observation, and by 
making allowance for increasing energy losses, mainly electro¬ 
magnetic in origin, that become of importance at energies greater 
than about 100 BeV. We thus successfully avoided introducing 
7r-mesons into the picture. This is hardly justified, since, for 
example, the mean range before decay of a Tr-meson of energy 
300 BeV is about 16 Kim., in other words the whole of the effective 
atmosphere. At energies near 1 BeV, the nuclear collision cross- 
section is known to be approximately equal to the nuclear geometric 
cross-section (Camebesi et al. [I960]). If this were true at 300 BeV, 
it is clear that a large fraction of yr-mesons would suffer nuclear 
absorption before decay in the atmosphere, with a consequent 
considerable reduction of the intensity of //-mesons at +.hin energy. 
If however, the nuclear interaction of yr-mesons were much weaker, 
as suggested by the damping theory of Heitler, and by other 
authors, then most of the penetrating particles at sea-level must 
be Tt-meSons and not //-mesons at E > 300 BeV. : We would then 
need to know the variation of the nuclear absorption oross-section 
with energy in order to be able to calculate the depth curve. 

Attempts have been made to introduce the influence of yr-meson 
absorption into the explanation of the depth curve, but as yet 
there is no generally agreed conclusion. The following simple 
treatment due to Greisen [1948] brings out the main points. 
Assume that the yr-mesons experience strong nuclear absorption 
with an absorption length of the order 100 gm.em- 2 , equal to that 
of the primary radiation. The differential equation for the number 
of Ti-mesons with given energy is then: 

( 14 ) dnjdt. = Aexp(— t) —n( 1 + B/t), 

where t is measured in units of 100 gm.em -2 . The first term on the 
right gives the number produced in dt, and the second the number 
lost by absorption and decay. B — 8.10 s (m n c\Bx), with m n , x the 
rest mass and lifetime respectively of yr-mesons. Thus: 

B = 1.6 x 10 11 E~\ 



George 


Plate I 



Example of pair of particles each penetrating 2 cm. Pb observed by Nash 
[1951] at 28 m. depth. The particles diverge from a further Pb plate above 

the cloud chamber. 




Geoege 


Plate II 




Capture, of Negative pi-Meson. 

Three examples of mesons stopping in the emulsion and causing small stars 

of two tracks. 
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A will be taken proportional to E. The solution of (14) is 

(15) n n = {Atj{B +1)) exp (— t), 

and the number of /i-mesons at high energy is 
10 

(16) n„ = J (Bnjt) dt = BAj{B + 1). 

Taking y = 3, the differential spectra at sea-level, t = 10, are 
therefore: 

4.5 x 10 ~*E~ 3 (l 4 -U.j 10i y i 

E ~ 3 (l +—— V 1 ' 

V ^l-exioW 

At E about 160 BeV, the power law exponent in the /j-meson 
spectrum decreases by unity from — 3 to — 4. The ratio of re¬ 
mesons to jM-mesons is 3JS7/10 16 , becoming equal to unity, there¬ 
fore, at E = 3.10 w eV. Assuming only ionization loss of the fi- 
mesons, Greisen [1948] suggested that the increasing exponent 
at great depths could bo adequately explained by the increasing 
steepness of the /i-meson spectrum, equation (17). Garelli and 
Wataghin [1950] concluded that taking the increased losses at 
high energy into account together with the effect of re-meson 
absorption with the geometrical nuclear cross-section gave too 
rapid a decrease at great depths. They suggested that this provided 
some evidence showing that the cross-section for the absorption 
of re-mesons decreased strongly at high energies. T his conclusion 
was based on a re-meson spectrum derived from the Heisenberg- 
Wataghin model of multiple meson production. It is not yet 
established that this model is the correct one or whether, by 
choosing some other spectrum at production, the calculated curve 
assuming nuclear geometric cross-section and including increased 
losses at high energy can be fitted to the observed points. Including 
the /i-moson losses due to bremsstrahlung and pair production, 
and taking the exponent equal to 2.8, Hayakawa and Tomonaga 
concluded that the experimental points lay between the limiting 
curves for the re-meson cross-sections zero and nuclear geometric. 
It is clear that for resolving this situation, energy spectrum 
measurements up to say 500 BeV and intensity measurements 
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down to 10 km. would be of the greatest significance. Experiments 
on both these points are in hand, and we must leave a final decision 
between the alternatives discussed here to the future. 

4. Time Variations; Temperature Coefficients 

In this section the results obtained underground will be discussed. 
The reader is referred to the following article by Elliot for details 
concerning the experimental procedure and methods of analysis. 
Only two systematic studies of the fluctuations below ground 
have been carried out, by Rau [1939] and by MaoAnuff [1951]. 

4.1 The observations of Rau 

€ 

Rau used two ionization chambers submerged to a depth of 
40 metres in Lake Constance at altitude 395 m. above sea-level. 
The apparatus was suspended clear of the lake bed by moans of 
a cable slung between local rocks. The depth of immersion could 
therefore vary only with changes in the surface water level. The 
water level was found to change with season by as much as 2 metres, 
being highest in June 1937. During individual runs lasting about 
5 days, the change in level was rarely more than 10 cm., cor¬ 
responding to an intensity change of 0.5 %, and correction of the 
hourly records for fluctuations in water level was not considered 
necessary. When differences greater than 10 cm. were found, 
appropriate corrections were applied only when comparisons 
between individual runs were made. 

Aperiodic variations 

An internal temperature effect in the two chambers was not to 
be expected, and no daily temperature wave could bo detected in 
a thermograph enclosed with the apparatus. Rau concluded that 
no effect due to external temperature was to bo expected, since 
it would be caused by structural changes of the lower atmosphere, 
having negligible effect on the radiation under so great a thickness 
of absorber. Rau found also that atmospheric pressure had no 
appreciable influence. 

In view of the apparent absence of temperature and pressure 
variations, the measurements were employed directly in subsequent 
analysis, without correction. 



Intensity (Arbitrary Units) 
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Periodic variations 

(i) The annual variation. 

The monthly mean values of intensity were reduced to a standard 
depth of water above the apparatus and plotted as shown in 
Kg. 10. A pronounced maximum appears in June, the intensity 
being then about 4 % higher than in winter. 



Fig. 10 - Annual variation at 40 m. according to Rau. The deviations 
indicated are probable errors. 

(ii) The daily variation. 

The variation of the mean hourly readings (solar time) during 
the period January 1937—March 1938 is shown in Fig. 11(a). 
The curve has two maxima, at 9h and 22h Middle European 
Time, of amplitude 0.2 ± 0.08 %. 



Fig. 11a - The diurnal variation as a function of local time, at 40 m., according 

to Rau. 



Fig. lib - The diurnal variation as a function of sidereal time, at 40 m., 

according to Rau. 
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The variation with sidereal time is shown in Fig. 11(b). Harmonic 
analysis of this curve shows that the evidence for a sidereal variation 
is weak, the amplitude being equal to the statistical error: 
0.07 ± 0.07 %. 

4. 2 The observations of MacAnuff 

Working in the underground laboratory at Holbom Station, 
London, at a depth of 60 m., MacAnuff [1951] has recorded the 
coincidence rate in 2 counter telescopes. Each telescope consisted 
of 3 banks of 15 Geiger counters of dimensions 3.4 x 60 cm. 
The counting rate of each telescope was ~ 7000 hr* 1 at this depth, 
and the number of coincidences was recorded photographically 
at hourly intervals. 

Aperiodic variations 

Contrary to Rau, MacAnuff has observed an appreciable baro¬ 
metric effect at 60 m. depth. In Fig. 12 is plotted a typical series 



Fig. 12 - Daily mean values of barometric pressure and cosmic ray intensity 
at 60 m. depth, April & May, 1949. The marked correlation is clearly visible. 

of observations showing the variation in number of coincidences 
per day for the telescopes over a period of 34 days (upper curve). 
The barometric pressure over this same period is also shown. From 
this figure, it will be seen that there is obviously a strong correlation 
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with atmospheric pressure. The results for the pressure coefficient 
at 60 m. depth are: 

Barometric coefficient = — 0.47 % (cm. Hg) -1 . 

Correlation coefficient = — 0.81. 

The barometer coefficient is consistent with that expected from the 
intensity depth curve. At this depth the exponent is approximately 
2, and hence the theoretical value is — 0.45 % (om.Hg) -1 . 

Working with similar apparatus at sea-level, Duperier [1949] 
has reported a correlation of the intensity with height of the 
100 mb. pressure level, the coefficient being — 3.8 % (km.) -1 . 
This is explicable in terms of //.-meson decay. At 60 m. depth 
MacAnuff has found negligible con-elation with the height of the 
100 mb. or any other pressure level. This is not sin-prising in view 
of the increased mean energy, and consequent increased lifetime, 
of the underground //-mesons. 

MacAnuff has also investigated the correlation with upper air 
temperatures reported by Duperier [1949]. He finds a coefficient 
of + 0.05 % per °0. for temperatures in the 100—200 mb layer. 
This may be compared with Duporier’s value at sea-level of 
+ 0.11 % per °(•. Dupbrier’s [1951] interpretation of this 
positive temperature coefficient is in terms of the competition 
between nuclear absorption and decay of w-mesons, although 
there is a discrepancy of about 5 to 1 between the calculated and 
observed values. MacAnuff’s underground value is not inconsistent 
with Duperier’s theory. 

Forro [1947] has reported that the temperature coefficient 
at 1000 m. depth is -|- 0.74 |. 0.13 % per °(1. Ground level temperat¬ 
ures wore employed. In view of the fact that an appreciable 
number of the counter coincidences appear to have been of local 
radioactive origin, it is not clear that this coefficient is necessarily 
a cosmic ray effect. Hayakawa et nl. [1950] have shown that 
assuming the geometric cross-soction for tho absorption of n- 
mesons of all energies, tho calculated temperature coefficient at 
this depth is + 0.10 % per- °(7. 

Influence of magnetic stormn and solar activity 

No fluctuations attributable to magnetic storms have been 
observed below ground. In Fig. 13, the records for two periods 
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24 25 26 27 28 Jan. 1949 

_!_I_1_1_ L — 

9 15 21 3 9 15 21 3 9 15 21 3 9 16 21 3 9 15 21 3 9 15 
$ standard deviation 

Fig. 13a - Cosmic ray observations with Geiger counter telescopes during 
period of magnetic disturbance: upper curve, Manchester, at earth’s surface, 
lower curve London, 60 m. underground, Holborn Station. 
Standard deviation: o 



Fig. 13b - Cosmic ray increase, 19th. Nov., 1949. 

Above: • Ottawa [Bose, 1960], ° Manchester [Dolbear, 1960], both at 
sea-level. Below: Besults 60 m. underground. 
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are shown when observers at the surface reported large fluctuations. 
Kg. 13(a) compares readings underground and at Manchester 
during a magnetic storm on Jan. 25th 1949, and Fig. 13(b), during 
the solar flare of 19th Nov. 1949. From the large latitude effect of 
these disturbances it is known that the fluctuations are confined 
to the low energy primary particles. The absence of any fluctuations 
below ground confirms this conclusion. 

Periodic Variations . 

(i) Solar time. 

The bi-hourly readings, averaged over a period of one year are 
shown in Fig. 14(a). There appears to be a small diurnal variation 
below ground of amplitude about 0.05 % with a maximum at 
1600 hrs local time and a minimum at 2400 hrs. The underground 
results may be compared with the results of Dolbear and Elliot 
at sea-level, given in Fig. 7 in the next chapter (p. 474). The maxima 
and minima are seen to occur at the same times, and the amplitude 
is 0.2 %, 4 times greater than observed below ground. The diurnal 
curve is discussed by Elliot and in view of the similarity of the 
curves, the discussion need not bo repeated here. 
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fa) Solar-time variation - Sum of both channel* 
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(b) Sidereal variation - Sum of both channels 

Fig. 14 - Tho diurnal variation, at 60 m. depth for the sidereal and the 

solar clay. 

The statistical accuracy of the underground results is not yet 
sufficiently great to say vory much about the semi-diurnal variation, 
except that it appears that tho amplitude obtained in the present 
investigation is considerably smaller than that reported by Rau. 
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(ii) Sidereal time. 

The results in Fig. 14(a) have been re-plotted as a function of 
sidereal time in Fig. 14(b). The points appear to be distributed 
at random, and it does not appear that the sidereal variation 
below ground can be as great as 0.02 %. 

4. 3 Comparison of observations of Rau and MacAnuff 

Apart from their agreement that there is no significant evidence 
for a sidereal variation, the results of Rau and MacAnuff are not 
in good accord. Rau reports the absence of aperiodic variations 
while MacAnuff’s results show a marked correlation with the 
barometer pressure and upper air temperature. Rau reports a 
large semi-diurnal variation where MacAnuff finds none, while 
MacAnuff finds an appreciable diurnal variation in contrast to 
Rau. 

MacAnuff’s observations were taken under more steady con¬ 
ditions than were Rau’s. The counter telescopes were undisturbed 
for long periods (more than a year), and there were no uncertainties 
introduced by small changes in the environment. It is possible 
that some of the discrepancies may be attributed to the use of a 
counter telescope in one case and ion chambers in the other. 

5. Stars and slow mesons in emulsions 

Nuclear emulsions have been exposed below ground by George 
and Evans [1950, ’51] at various Underground Stations in London 
at depths down to 60 m., and in a coalmine at depth 600 m. In 
order to avoid pre- or post-exposure, the plates were prepared, 
stored and processed below ground, only being brought up to the 
surface for examination. Up to the present, some 500 cm 3 of 
emulsion have been searched. 

5.1 Observations of nuclear disintegrations 

200 nuclear disintegrations giving rise to “stars” with three or 
more branches have been observed, of which 18 were in C 2 and 
the remainder in G 5 emulsions. The stars in G 5 emulsion were 
classified according to type in the manner described by Brown 
et al. [1949]. 

The frequency of stars versus depth 

The frequency of stars at various depths is given in Table 7. 
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At the greatest depth, stars are extremely rare and only two have 
been observed. One of these was a characteristic star produced 
by negative jr-meson capture, showing the emission of three 
energetic heavy particles, and the other was a small star of type 
On 3. The results at this depth can only be taken as indica ting 
order of magnitude. At the other depths the o-meson stars are not 
included. 


TABLE 7 


Depth below ground 
(metres water equivalent) 

Stars 

Observed 

Frequency 

cm" 3 day -1 

0 

383 

1.46 ± 0.07 

8 

53 

0.029 ± 0.004 

20 

67 

0.0066 ± 0.0008 

34 

36 

0.0047 ± 0.0008 

60 

42 

0.0040 ± 0.0006 

600 

2 

~ 10" 4 


The stars at ground level and above arc known to vary exponent¬ 
ially with depth, with an absorption length of approximately 
150 gm.cmr 2 . It is generally acooptod that the particles producing 
them are nucleons. It is clear from Table 7 however, that the 
nucleon component cannot bo responsible for tho underground 
stars. This component would give, for example, a star-frequency 
of 10 -170 cm -3 day -1 at 000 m! Tho frequency of stars below ground 
varies in tho same way as the fast /t --mesons of the hard component 
(Figure 4), and from this and other arguments George and Evans 
concluded that the stars woro produced by fast /{-mesons. 

Classification of stars 

At a depth of 8 metres, there is still an appreciable contribution 
from tho nucleon component. Tho stars observed in G 5 plates 
at 20 m. and deeper have been grouped together, and Table 8 
shows their distribution in star typos. This table therefore contains 
only those stars whiph are thought to bo produced either directly 
or indirectly by /i-mosons. 

The largest star observed had 18 heavy tracks and a “shower” 
of 8 tracks at minimum ionization. Tho frequency-distribution 
of heavy tracks, given in the bottom row of Table 8, is very similar 
to that observed at sea-lovel and mountain altitudes. 





426 


COSMIO BAYS UNDERGROUND 


TABLE 8 


Classification of underground stars 


Primary 
(n or p) 

Shower 

Particles 

3 

4 

6 

6 

Heavy particles 
7 8 9 10 

11 

12 

> 12 

Total 

n 

0 

16 

17 

9 

6 

3 

1 

1 

_ 

7" 

1 


63 

P 

0 

2 

6 

— 

1 

— 

1 

1 

— 

— 

— 

13, 

14 













18, 20 


n 

1 

— 

1 

1 

— 

— 

— 

— 

— 

— 

— 

— 

2 

P 

1 

7 

16 

9 

2 

3 

1 

1 

3 

— 

— 

— 

41 

P 

2 

2 

— 

— 

— 

1 

— 

1 

— 

— 

— 

— 

4 

P 

3 

- 

1 

1 

— 

— 

— 

2 

— 

— 

— 

13, 13 

6 

P 

4 

— 

— 

— 

— 

— 

— 

— 

— 

— 

1 

— 

1 

P 

6 

1 

— 

— 

— 

1 

— 

— 

— 

— 

— 

14, 16 

4 

P 

6 

— 

— 

— 

— 

— 

1 

— 

— 

— 

— 

— 

1 

P 

7 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— — 

0 

P 

8 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

18 

1 

Total. 

28 

40 

20 

8 

8 

4 

6 

3 

0 

2 

8 
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Stars of type Ip and “showers” 

Photomicrographs illustrating typical examples of events in 
this class are shown in Plates III and IY. The single charged partic¬ 
les at m i n i m um ionization in the upper hemisphere visible in both 
of these pictures are assumed to cause the disintegrations, and 
since they occur at large depths it is believed that they can only 
be /4-mesons. 

The. Ip stars are then simply regarded as events in which a fast 
/j-meson is scattered by a nucleon which in recoiling causes the 
parent nucleus to evaporate. It is possible to obtain a value for 
the energy of the incident /4-meson as follows. It is assumed that 
the energy of the recoiling nucleon is all used in for min g the star, 
and its value is estimated from the number of heavy branches, 
N hi using the result of Brown et al. [1949]. 

(18) tf(MeV) = 37 N h 4- 4 N* 

The angle of scatter may be measured, and this combined with 
a knowledge of the energy released (18) gives the energy of the 
incident particle from the conservation of energy arid momentum. 
A series of curves showing the relation between energy and 
deviation of fast /4-mesons has been plotted for various values of 
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N h in Fig. 15. Using these curves, the energies of some 30 /^-mesons 
causing stars at a depth of 20 m. have been determined, and the 
results are given in the histogram in Fig. 16. The expected energy 
distribution, obtained by a slight modification of the /z-meson 
spectrum described below, is also drawn, and the experimental 
observations are seen to be consistent with this curve. 



Fig. 15 - Relation between the angle of deflection and onorgy of the incident 
particle, for stars produced by the elastic scatter of -mesons. Plotted for 
various values of N , the number of tracks per star. 

The nuclear disintegrations associated with “showers” are very 
similar to those observed at mountain and balloon altitudes. It is 
known that most of the shower particles in. those latter events 
arc rc-mesons (Fowler [1950]) and George and Evans assumed 
that the shower particles observed below ground were also mainly 
re-mesons. It has now been possible to confirm this in two examples 
in whicli the shower particle track was long enough to be the 
subject of reliable scattering measurements. In both of these 
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cases the particle was identified as a meson, probably a rc-meson. 
Since only seventeen showers have been observed, it is hardly 
possible to give significant values of their variation with depth, 
but it can be said that the frequency of showers is approximately 
the same at 20, 34 and 60 m. This makes it very probable that the 



e raavi 

Fig. 16 - Differential spectrum of /{-mesons giving rise to stars of type lj, 
at 20 m. below ground. 


showers are also produced by //-mesons. It is of interest to note 
that all 17 showers in Table 8 were produced by a charged incident 
particle. From the observed frequencies of lp stars and showers 
at various depths, and the //-meson flux given in Fig. 4, it is 
possible to obtain the cross-section for star production by fast 
/{-mesons as a function of depth. The results are given in the 
second column of Table 9. 


TABLE 9 


Depth 

(meters water) 

Observed 

cross-section 

10“ 80 om a /nucleon 

Calculated cross- 
section (equ. 27) 

10“ 80 cm a /nucleon 

Ratio 

20 

4.2 ± 0.7 

2.9 

1.45 ± .24 

34 

4.5 ± 1.2 

3.5 

1.3 ±.33 

60 

5.3 ± 1.7 

4.1 

1.3 ±.4 


These values may be interpreted as follows. The cross-section for 
the production of stars by photons has been measured at Berkeley 
by Miller [1961] to be of the order 

(20) = 10 -28 cm 2 per nucleon. 
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Thus, following the semi-classical procedure of Williams and 
Weiszacker, the cross-section for the production of a star with 
energy between E 1 and E' + dE f by a fast //-meson of energy E is: 

(21) o{E, E')dE' -- (2aajn) (dE'/E 1 ) In (E/E'), 

and the total cross-section for the production of stars of energy 
greater than e is: 

(21a) a (E, e) - J a ( E , E') dE ' - ( aajn )) [In (Els)]K 

B 

Equation (21) is that already used at (7). For the moment, a hv is 
assumed constant. At the depths in question the main energy loss 
of /^-mesons is in ionization, , and the differential energy spectrum 
may be taken as. 

( 22 ) N{E)dE = j^dE, 

where E 0 is the ionization loss down to the depth in question. 
For comparison with observation, the cross-section (21) must be 
averaged over the //,-meson spectrum, giving: 

a (, E ') dE’ = " N (E) a (E, E') dE' dE = 
x' 

- <2 <*„/*) (dE'/E') [in . 

This expression should give the energy distribution of the under¬ 
ground stars, and wo will return to this point. Finally, integrating 

(23) over E', from a lower limit e of ISO MeV, corresponding to a 
star of three prongs, we obtain tho total theoretical cross-section 
for star production by /t-mesons underground: 

(24) fftheor « f O (#') dE' - (2 clgJtz) F (E 0 ), 

B 

where 

00 

(215) F (E 0 ) - / [in ^2 _ - J-] dE'jE'. 



Over a wide range of values of E 0 , a close approximation to F(E 0 ) is 
(26) F(E 0 ) ™ 0.45 [In (EJe)]\ 
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and. inserting this value, we obtain from equation (24) 

( 27 ) <w = 0.0 (aajTt) [In (EJe)] 2 . 

Thus the cross-section should increase slowly with depth. Values 
calculated from (27), using (20), are given in the third column of 
Table 9. These are quite close to the observed values, and would 
be still closer if the photonuclear cross-section had been taken as 
1.3 x 10 -28 instead of 10 -28 cm 2 . From the above considerations, 
we may obtain the following theoretical results: 

(i) Energy spectrum of interacting y-mesons 

This is given by multiplying equations (22) and (21a): 

(28) N' (E) dE - const x 

This is the curve drawn in Fig. 16 showing the energy spectrum 
of the particles causing lp stars. It is seen to fit reasonably well. 

(ii) Frequency-depth curve for stars 

Down to about 1000 m., the variation with depth should be 

(29) S(x) = A-l{x)\hi (ax/e)] 2 , 

where I(x) is the meson intensity in Fig. 4. At larger depths, the 
modification of the /j-meson spectrum would have to be taken into 
account. In Fig. 17, the observed frequencies are compared with 
the curve given by equation (29). The agreement is seen to be 
quite reasonable. 

(in) Energy spectrum of stars at a fixed depth 

This is given by equation (23). The energy of eaoh of the lp stars 
with showers in Table 8 has been calculated as follows. The energy 
of the heavy particles has been determined from equation (18). 
To this we have added (n — 1) 960 MeV where n is the number 
of shower particles. One shower particle has been subtracted as 
it is assumed that the incident a-meson continues after producing 
the star. 960 MeV is the average energy of the shower particles 
(Camertni et al. [I960]). The energy distribution of the stars 
obtained in this way is given in Fig. 18, together with the distri¬ 
bution calculated from equation (23). The agreement is reasonable, 



No of stars per MeV (Arbitrary Units} 
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Fig. 17 - Frequency of stars at various depths. 



Fig. 18 - Energy distribution of stars type lp, and “showers' 
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and the agreement is maintained *up to star energies of order 
10 BeV. This suggests that the photo-nuclear cross-section remains 
approximately constant in the energy range 0.1 to 10 BeV. If it 
chang ed by an order of magnitude at 10 BeV, the difference would 
have been detected in the star-energy distribution. 

Stars of type On and Op 

These may be interpreted as secondary stara produced by 
neutrons and sr-mesons respectively emitted by the stars discussed 
in the previous section. The required number of energetic neutrons 
per star is reasonable. Cambium et al. [1950] have shown that 
most of the secondary stars produced by shower particles are of 
the Op type, and the number of Op stars observed below ground 
is c onsis tent with the number expected to arise from the shower 
particles produced there. 

5. 2 Observations of slow mesons 

Mesons of the familiar phenomenological types, n, p and a have 
been observed to come to rest in the emulsions exposed below 
ground. The number of /i-mesons coming to rest agrees closely 
with the number calculated by differentiation of the dopth- 



Fig. 19a - Zenith angle dependence of slow cosmic ray ^-mesons at swa-lovol. 




George 


Plate III 


% 




A diHintiOgra.li.on produced by a fast charged particle at a depth of 60 m. water. 
Wo attribute this typo of star to nuclear excitation produced by a fast 
//-meson. The electromagnetic interaction between the charge of the 
//-meson and neutrons and protons is probably sufficient to account for 
the observed frequency. In this photograph and also in Plate II the scale 
shows steps of 10 microns. 

Observer; E. P. Oeorge. 



George 


Plate IV 



A disintegration produced by a fast charged particle at a depth of 34 m water, 
and accompanied by a shower of 5 fast particles. 

Observer: Mrs. M. II. George. 
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intensity curve, Fig. 4, and this is perhaps the most definite evidence 
that at depths down to 60 m., the penetrating component may 
be identified as //-mesons. 

23 - 
2.2 - 
2.1 - 
2 . 0 - 
1 . 9 - 
1 . 8 - 

§ U ‘ 

**- 
$ 

15 - 

1.4 - 
1.3 - 
1 . 2 - 
1.1 - 

1,0 T30 T40 T.50 160 T.70 T.80 ~ T90 0 Log (Cos 0) 

Fig. 19b - Zenith angle de[)enilenco of slow cosmic ray g-mosons underground. 

2.(5 % of the /4-mesons entered the emulsion from below the 
horizontal, and these may bo explained as arising from the //-decay 
of locally produced ji- mesons. The angular distribution of the slow 
//-mesons has been studied by Orkambb [1951] at sea-level and 
underground. The distributions are shown in Fig. 19(a) and (b). 
At angles less than (50°, the distribution may be represented by 
cos" 0, with n ■■■■■- 3.2 .L 0.55 at sea-level and 2.2 ± 0.2 underground. 
At angles greater than (50° the contribution of the isotropio / 4 - 
mesons arising from the decay of jr-mosons becomes appreciable. 
The sea-level exponent agrees well with that found by Kraushaar 
using a system of Geiger counters. 

Ten positive jr-mesons showing /4-docay have been observed in 
the underground emulsions, and this number is consistent with 
the number expected assuming the “showers” already discussed 
to be showers of jr-mesons, and with the number of upward 
travelling /4-mesons. Seven of the positive ^-mesons entered the 
emulsion from below the horizontal and three from above. 



28 
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a-mesons 

Fortysix a-mesons were observed in the same emulsions, and 
the frequency distribution of the number of prongs of the a-stars 
is given in Table 10. In this table, the expected distribution for an 
equal number of a-mesons of the cosmic radiation at mountain 
and balloon altitudes in the atmosphere is given for comparison 
(Menon et al. [1950]). 


TABLE 10 


No. of prongs. 

1 

2 

3 

4 

5 

Underground a-mesons . 

33 

8 

5 

0 

0 

a-mesons at high altitude 

15 

12 

10 

6 

2 


The a-mesons at high altitude are known to consist almost exclu¬ 
sively of negative rc-mesons. From the prong distribution under¬ 
ground, Geobge and Evans [1951] concluded that most of the 
a-stars below ground were not produced by negative rc-mesons 
but by negative ^-mesons. This conclusion was supported by the 
following considerations: (a) the angular distribution of the a- 
mesons was more like that of ^-mesons than that of the positive 
7 t- mesons: 40 a-mesons entered from above and 6 from bekrw the 
horizontal, (6) the frequency of a-mesons varied with depth below 
ground in the same way as the mesons. The depth variation is 
given in Table 11: 


TABLE 11 


Depth below ground 
(metres water equivalent) 

Frequency cm~ 8 dat J r 1 

a-mesons 

yU-mesons 

20 

0.0032 ± 0.0007 

0.098 ± 0.005 

34 

0.0011 ± 0.0005 

0.058 ± 0.004 

60 

0.0005 ± 0.0003 

0.017 ± 0.002 


The ^-mesons are assumed to come from stars (the shower particles), 
which, from Table 8 are seen to vary much less rapidly with depth 
over the range 20 to 60 m. water. 

Allowing for a number of negative jr-mcsons equal in number 
to the observed number of positive ones, and for the number of 
negative ^-mesons that come to rest in regions of small atomic 
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number and hence decay into /7-particles, the following prong 
distribution was obtained for the //.-melons captured: 


TABLE 12 


No. of prongs. 

0 

1 

2 

> 2 

No. of events (%). 

91.4 

7.6 

1 

0 


This prong distribution is consistent with that calculated 
assuming a nuclear excitation of 15 MeV. This figure agrees with 
that calculated by Tiomno and Wheeler [1949], assuming a 
reaction of the form //“ -f p —> n + //° where /(° is a neutral particle, 
possibly a neutrino. At this excitation, the nuclear potential 
barrier favours neutron emission and this would account for the 
large number of //-mesons captured without the emission of charged 
particles. The calculated number of neutrons per /(-capture is 2, 
and this agrees with the counter observations of Sard et al . [1948, 
1950] and Groetzinger and McClure [1948, 1949]. 

Examples of the. 2-pronged stars ascribed to //-meson capture 
are shown in Plate IT. It is not clear that these events should be 
classified as stars at all. Assuming them to bo examples of nuclear 
disintegrations, then they are seen to be very different from the 
2-pronged disintegrations produced by the capture of negative 
rc-mesons, the emitted charged particles only possessing energies 
of the order of 1 to 2 MeV. 

5. 3 Summary of emulsion work 

The picture resulting from the work below ground with emulsions 
may bo summarised as follows. The star frequency shows a rapid 
decline in the first few metres, characteristic of the nucleon 
component, thereafter decreases much more slowly like the hard 
component. The stars at largo depths may be explained as arising 
from nuclear excitation caused by the Coulomb field of the fast 
/(-mesons as they pass through atomic nuclei. The observed cross- 
sections are consistent with the photo-nuclear cross-sections 
measured at Berkeley. Because of the well-known effect of the 
Lorentz contraction of the Coulomb field with energy, the average 
//-meson cross-section increases slowly with depth, causing the 
star frequency to decrease less slowly than the total intensity. 
(A similar situation exists for soft cascade showers.) From the 
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frequency of large stars and showers, it appears that tho photo- 
nuclear cross-section must remain fairly constant up to energies 
of order 10 BeV. The energy loss arising from the nuclear inter¬ 
action of fast /z-mesons is small compared with that resulting from 
direct electromagnetic interactions. 

The showers observed below ground have features resembling 
closely those of similar showers above ground, and are thought 
to be the production of rc-mesons; the frequency of slow rc-mesons 
is also consistent with that calculated assuming that most of the 
shower particles are rc-mesons. Further secondary stars are produced 
by neutrons and fast rc-mesons from the stars directly due to 
/z-meson collisions, in a manner analogous to the primary and 
secondary ionization produced by fast charged particles. 

At moderate depths, say up to 100 m., most of the stars produced 
by the capture of slow mesons are caused by negative /z-mesons. 
The locally produced rc-mesons decrease less rapidly than the slow 
/z-mesons, and at sufficiently great depths, most of the o-stars 
will again be produced by sr-mesons. 

6. Slow neutrons 

Showers of thermal neutrons have been recorded at depths 
down to 60 m. in Lake Ithaca by Cocconi and Cooooni-Tongiorgi 
[1961]. The apparatus is sketched in Fig. 20, it consists of a water¬ 
tight aluminium box containing two banks of six boron trifluoridc 
proportional counters embedded in paraffin wax. Between the 
counter banks was a lead absorber 45 x 45 x 10 cm. The counters 
were filled at 1.5 atmospheres, the boron containing 96 % B 10 . 

Events were observed in which m neutrons were recorded within 


BF 3 counter 
Paraffin 


-Water-tight 
Al box 

Fig. 20 - Arrangement of BF 3 counters used by Cocconi to study neutron 

showers. 


iO; 

ilOli 

;Oi 

non 

non 

m 

JJJ 

H 

■ 

131 

m 

JjJ 

liOil 

iOi 

iO; 

non 

non 

non 

























































SLOW NEUTRONS 


437 


a short t.imp> interval (see Cocconi et al . [1950]). Nuclear dis¬ 
integrations occurring in the immediate vicinity of the counters, 
resulting in the emission of several neutrons can give rise to the 
neutron coincidences of the type recorded, and there is no other 
known process that can do ho, hence counter measurements of 
this type make a powerful addition to the techniques for studying 
nuclear disintegrations. 

Observations were made with and without the lead absorber 
in place. With the load removed, the background frequency of 
occurrence of two or more neutrons was entirely negligible. The 
results are given as a function of depth in Pig. 21, where f(m) is 
the frequency of ovents in which at least m neutrons were recorded, 
corrected for chance coincidences and background. Below 5 — 10 m. 
water the contribution to the recorded events due to the nucleon 
component is negligible, and the absorption curves of the radiation 
producing the nuclear disintegrations follow 'the absorption curve 
of /{-mesons. 

Calling v tho number of neutrons produced in eaoh event (m of 
which are recorded) then the recorded frequency /(«?.) is related 
to the true frequency T(v) of events with v neutrons by the relation: 

f(m) = 2 / (r) P{v, m), 

where P(v, m) depends on the efficiency of tho counter system for 
detecting neutrons, determined by separate experiments to bo 
G.il %, and a statistical argument based on the characteristics 
of the recording system, discussed by Cooooni et al. [1950]. 
Assuming that I(v) has an exponential form at a given depth, 
l(v) AV"’, then the value of “a” given by the present data is 
0.00. This indicates that the average number of neutrons emitted 
in the events considered, v i/a, is approximately 16, for tho 
disintegrations produced in 10 cm. Id), and is practically independent 
of depth. Assuming tho events at depth arc produoed by //-mesons, 
the cross-section per nucleon for their production is approxim¬ 
ately l() - 20 cm 2 , close to the value deduced from the nuclear 
emulsion observations. 

The average number of prongs of the stars observed in the 
emulsions was 5, and the number of neutrons per star in lead 
must be approximately double this value, i.e. ~ 10. In 10 cm. lead 
it is very possible for secondary stars to be produced by a nucleon 
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arranged at the vertices of a triangle, at depths of 14 and 20 m. 
The frequency of showers was found to be approximately the 
same under 0 and 2.2 cm. lead, and Pickering concluded that 
the thickness of lead giving the maximum frequency of showers 
decreased rapidly with depth, although later [1937] the results 
were attributed to the influence of the tunnel roof which was of 
iron, 20 cm. thick. Underground shower transition curves were 
studied at 60 and 75 m. by Follet and Crawshaw [1936] and 
Auger and Mever [1936], who found that there was no pro¬ 
nounced maximum in the curve at 2 cm. lead. This is illustrated 
in Fig. 22 which shows the transition curve observed by George 



Fig. 22 — Shower transition curve in l’b obtained at 60 in. by Goorgo (1941). 

[1941] at 60 m. depth. The absence of the usual maximum at 
2 cm. lead will bo noted, indicating a large reduction in tho relative 
number of singly incident energetic electrons. Tho rapid rise up 
to 2 cm. lead, and subsequent slow decrease of frequency shows 
that tho showers are due to secondaries of some kind with range 
of tho order 2 cm. lead produced by penetrating particles. The 
observations at this depth may bo adequately explained in torms 
of the knock-on electrons produced by fast //.-mesons. 

The variation of the shower frequency with depth was measured 
by Ehmhrt [1937] down to 243 m. in Lake Constance, and to 
1400 m. in a mine by Wilson [1938], Both authors agree that the 
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showers decrease less rapidly than the vertical intensity with 
depth. For observations on showers, the vertical telescope used 
for measuring the total intensity by Wilson was turned through a 
right angle. In Fig. 23, the ratio of showers to vertical intensity 



Fig. 23 - Relative shower frequency as a function of depth. The full lines 
show the contributions of knock-on electron and electron pair production 
by /j-mesons calculated by Hayakawa and Tomonaga. 

observed by Wilson is shown as a function of depth, normalised 
to unity at sea-level in order to avoid considerations of counter 
geometry. The ratio is seen to increase steadily with depth, 
increasing by a factor of about 4 at 1000 m. 

The proportion of soft component resulting from knock-on 
collisions, bremsstrahlung and electron pair production, has been 



Fig. 24 - The variation with depth of the various contributions to tho 
soft component, calculated by Hayakawa and Tomonaga 
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considered by Hayakawa and Tomonaga [1949], Their results 
are indicated in Fig. 24. As with the energy loss considerations 
(§ the contributions from pair production and bremsstrahlung 
become of increasing importance at great depths, bremsstrahlung 
being less important than pair production. 

The theoretical results of Hayakawa and Tomonaga [1949b] 
for showers of three or more particles are shown as the full 
lines in Fig. 23. For comparison with Wilson’s observations, the 
theoretical curve has been fitted to the observed points at a depth 
of 100 m. Pair production becomes an important process at depths 
of a few hundred metres, and makes the greater contribution 
below 1000 m. The bremsstrahlung contribution is everywhere 
much smaller. 

7. 2 Penetrating showers 

Using a counter system of the Janossy type, George and Jason 
[1950] did not observe any penetrating showers at 60 m. in a 
period of 40 days. A negative result at 23 m. was also reported 
by Hudson [1949], who concluded that the coincidences he 
observed between counters arranged in 3 trays separated by 
15 cm. lead could be explained in terms of knock-on electrons. 

Gmoron and Trent [1949, 1951] and Maze [1950] have reported 
the existence of penetrating events that cannot be explained by 



Fig. 25 - Shaded parts represent lead scroons. Counter system used at 
60 m. by (Soorgo and Trent to study scattering of ^-mesons, and 
production of secondary penetrating particles. 
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the production of secondary electrons. The apparatus used by 
George and Trent is illustrated in Fig. 25. It is a slightly modified 
form of that used to study ionization bursts described in § 8. 
Three-fold coincidences were recorded between any one of the 
fifteen counters S, counter C and any one of the counters E. 
Pulses from the counters S and E were fed into a hodoscope unit 
which indicated the individual counters discharged in bank E and 
which of the five groups of 3 counters were discharged in S. Events 
were selected showing two or more counters discharged in E, 
disregarding those few events in which more than one counter was 
discharged in S. Some of the records showing two or more adjacent 
E counters discharged may be explained in terms of secondary 
electron showers, but multiple events showing a wide separation 
in the discharged counters in E were interpreted as events of a 
different nature. In order to reduce the effect of electron secondaries, 
vertical lead slats 3 mm. thick were introduced between each of 
the counters in bank E. The results obtained with the lead slats 
in place are given in Table 13. 

TABLE 13 


Proportion of multiple events in bank E (%) 

No . of intervening undischarged counters in bank E 


0 

1 

2 

3 

4 

5 

6 

1.51 
± .03 

0.16 
± -01 

0.065 
± .008 

0.026 
± .005 

0.022 
± .005 

0.032 
± .006 

Total 

1.81 


In the great majority of oases, only 2 counters were discharged 
in bank E. 

Interpreting the events as the production of penetrating 
secondary particles by the ^-mesons of the penetrating component, 
the cross-section for the process is found to be 4.10~ 29 cm 2 per 
nucleon. This is larger than the cross-section for the production 
of stars, but is similar to that found for the production of pene¬ 
trating secondary particles by Nash [1951] described in § 9. 

The apparatus used by Maze at 30 m. depth is sketched in Fig. 
26. At least 5 cm. of lead was between each of the eight counters. 
All coincidences involving any three or more counters were recorded. 
Results obtained at sea-level and below ground are given in 
Table 14. 
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TABLE 14 


No. of 
counters 
discharged 

Number of events 

Sea Level 
64 hours 

Underground 
188 hours 

Underground 
739 hours 

3 

1277 

526 

_ 

4 

173 

38 

163 

5 

62 

2 

20 

6 

24 

1 

4 

7 

2 

0 

0 

8 

1 

0 

0 


The occuiTence underground of combinationB of high multi¬ 
plicity is again in accord with the existence of a penetrating 
component underground, secondary to the /e-mesons. 



Fig. 26 - Counter arrangement used by Mazo at 30 in. depth. 


7. 3 Extensive showers 

Extensive showers have been observed at a depth of 60 m. by 
MaoAnitff [1051], who rocorded coincidences between throe 
counter banks of area 3000 cm 2 separated by distances up to 
120 metres. In order to reduce accidental coincidences each counter 
bank consisted of 2 or more trays vertically above each other 
and in contact, and coincidences between the trays in a given bank 
were then fed to a further circuit which registered 3-fold coin¬ 
cidences between the banks. 

With the banks arranged in a triangle of 6 m. base, observations 
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were made of the effect of covering the banks with 10 cm. lead. The 
results were 

Absorber 3 -fold counts day~ 1 

0 0.67 ± 0.14 

10 cm. lead 0.47 ±0.11 

thus indicating that most of the shower particles are penetrating. 
This may be contrasted to the behaviour of similar apparatus at 
sea-level, where covering the trays with lead reduces the 3-fold 
coincidences by a factor of (SO) 1 - 5 or about 400. The roof of the 
tunnel was about 1.6 metres above the trays and it was poss¬ 
ible that some knock-on electrons could be recorded at this 
separation, but the results show their contribution must be 
small. Two of the counter banks were left in situ, and the third 
was moved further away. The banks were unscreened, and the 
variation of frequency of 3-fold coincidences with distance is 
given in Table 15. 


TABLE 16 


Separation of extreme counter 



—-- 

banks, m. 

6 

20 

120 

3-fold coincidences day -1 . . . 

0.67 ± 0.14 

0.50 ± .08 

0.16 ± .06 


The events at large separation cannot be explained in terms 
of the production of secondary particles in the overlying earth. 
The existence of penetrating particles in the extensive showers at 
sea-level is well known, where the penetrating particles are thought 
to consist largely of //-mesons, and this //-meson component of the 
sea-level showers would account for the observations. S i n ce 'the 
counter trays were of area 0.3 m 2 , the particle density in the 
recorder showers must be of order 3 m~ 2 . This suggests that with 
120 m. separation, the events recorded contained 3-(120) 2 or 
about 4.10 4 //-mesons of mean energy at least 20 BeV. 

8. Ionization bursts 

Ionization bursts were first recorded below ground by Chou 
[1948] who worked at 60 m. depth, using a small duralumin 
ion chamber of 12 mm. wall thickness filled with argon to 80 
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atmospheres. The transition curves obtained in lead and aluminium 
are shown in Fig. 27. As in the shower transition curve, Fig. 22, 
the absence of any sharp maximum in tho first few cm. of lead will 
be noted. The integral size-frequency distribution of bursts was 
found to be of the form F(N) --- AN- 1 - 6 . 




Fig. 27 - Burst transition curves observed at 60 m. by Chou. 

Hudson [I«.)4»| observed bursts underground at depth 21 m., 
using 3 cylindrical ion chambers located side by side under 7.5 cm. 
of load, immediately below the chamber were four counters in a 
triangular arrangement, all of which wore required to be discharged. 
Under this was a second lead shield 15 cm. thick and under this a 
tray of twelve counters connected to individual noon lamps. The 
hodosoopc was oporatod whenever a burst of more than 100 electrons 
occurred in any ion chamber accompanied by a coincidence of 
the four counters immediately below it. 

The results obtained in 788 hours are: 
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No. of 

No. of lower counters discharged 

bursts 

0 

1 

2 

3 

4 

84 

55 

25 

3 

1 

0 


Hudson suggested that the bursts produced by /^-mesons do not 
contain penetrating particles other than the initiating meson, 
which may strike the lower tray and give a single count as in 25 
cases, or miss the tray as in 55 of the cases. The 4 events with 2 
or 3 counters discharged were explained as the effects of knock-on 
electrons. 

From these and other measurements using a system of counters, 
Hudson concluded that /^-mesons do not with any significant 
probability interact with nuclei to produce penetrating or “mixed” 
showers. They produce bursts only by electromagnetic inter¬ 
actions and these bursts do not contain heavy penetrating particles 
but only electrons and photons. 



Fig. 28 - Apparatus used at 60 m. by George and Trent to study io niz a tion 
bursts accompanied by groups of penetrating particles. 

Different conclusions were reached by Trent and George [1951] 
working at 60 m. depth. The apparatus used by these authors is 
shown in Fig. 28. In essentials it is similar to Hudson’s arrangement 
consisting of an ion chamber (the same as that used by Chou) and 
a bank of nine counters B, connected in 3-fold coincidence. Below B 
is a bank, C, of eighteen counters, separated by 16 cm. lead. On 
the occurrence of a burst of 20 or more electrons accompanied 
by a 3-fold coincidence in B, a hodoscope indicated which counters 
in banks A and C were discharged. As in Hudson’s experiments, 
the requirement of a 3-fold coincidence in B ensured that bursts 
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due to cascade showers were selected. In a run lasting 1550 hours, 
with T = 15 cm. lead, 846 bursts were observed, the results relating 
to the counters discharged in the lower bank were rather similar 
to Hudson’s: 


No. of 

No. of lower counters discharged 

bursts 

0 

1 

2 

3 

4 

5 

846 

464 

336 

33 

9 

4 

0 


The distribution in space of the discharged counters is given in 
Table 16. 

TABLE 16 


No. of counters 
discharged in 
bank C 

Events in 
which all 
counters were 
adjacent 

Events with 

1 intervening 
undischarged 
counter 

Events 
with 2 

or more 
intervening 

Counters 
discharged 
in last 
column 

2 

22 

8 

3 

1,11 

7.17 

3.18 

3 

2 

4 

3 

14, 16,18 

6, 7, 12 

3, 8, 13 

4 

1 

0 

3 

1, 3,4,9 

1, 3,4,9 

7.12.14.18 

8.16.17.18 


Prom the frequent occurrence of wide separations between the 
counters discharged, it was concluded that not all of the events 
could be attributed to knock-on electrons produced near counter 
bank 0. 

Subtracting the events explicable by knock-on electrons, 
obtained from the measurements described in § 7. 2, it was con¬ 
cluded that 10 % of the bursts observed at 60 m. are associated 
with penetrating showers containing two or more penetrating 
particles. Penetrating bursts at mountain altitudes have been 
explained as being produced by collisions of energetic nucleons 
resulting in the emission of charged and neutral mesons. The 
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cascade resulting from the photon-decay of the latter accounts 
for the ionization burst observed. Taking the cross-section for the 
production of stars associated with “showers” from the nuclear 
emulsion work described in § 5, and assuming that 1 neutral 
jr-meson is emitted for every 2 shower particles (Carlson et al. 
[1950]), it is possible to account for the bursts of the mixed shower 
type observed below ground. George and Trent concluded that 
only 90 % of the bursts at 60 m. were produced by extra-nuclear 
Coulomb interactions of //-mesons, and that the results were 
consistent with the assumption that about 10 % were due to 
nuclear excitations produced by //-mesons resulting in the pro¬ 
duction of neutral and charged jr-mesons. 

9. Penetrating pairs oe partioles 

In the course of the cloud chamber investigation at 60 m. 
described in § 2. 1, Braddick and Hensby [1939] obtained five 
pictures out of a total of 2358 showing two penetrating particles 
crossing a lead plate in the centre of the chamber without per¬ 
ceptible change in direction and without producing secondaries. 
In one example the particles also penetrated a further 15 cm. lead 
above the chamber. They concluded that these photographs 
showed evidence for the occurrence of pairs of mesons below 
ground, alternative explanations such as (a) random association 
of independent mesons, ( b) association of meson and electron 
or (c) association of meson and proton were discussed and shown 
to be far too improbable to account for the observations. The 
apparatus was destroyed in 1941. The investigation of these events 
has been continued by Braddick, Nash and Wolfendale under a 
thickness of 23 metres of sandstone, near Manchester. Some of 
the photographs obtained by Nash [1951] were taken with a 4 cm. 
layer of lead immediately above the chamber. By selecting those 
events in which the tracks of both penetrating particles diverged 
from the upper lead absorber, and assuming the events to be 
produced by the //-mesons, the cross-section for the production 
of these events was found to be of the order 5 x 10~ 29 cm 2 per 
nucleon .... (30). A typical example is shown in Plate I. 

As in the observations of Braddick and Hensby, most of the 
particles diverged from the overlying rock. Allowing for the 
apparatus geometry, the number of pairs observed coming from 
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the rock is consistent with that calculated using the cross-section, 
equation (30). 

The following considerations show that these events are diff¬ 
erent in nature from the “showers” observed in nuclear emulsions. 
The cross-section per nucleon for the production of “showers” in 
emulsion is approximately 2 x 10 -30 cm 2 , which is lower by an 
order of magnitude than that found from the cloud chamber work. 
Further, the size frequency distribution of the nuclear emulsion 
“showers” given in Table 8, shows that 4 out of 17 events consisted 
of showers of two particles, whereas, in 30 pictures observed by 
Nash and Braddick and Hensby, the number of related penetrating 
particles is always two. While particles from some of the showers 
might have been lost for reasons of geometry, it is difficult to 
account for all of the discrepancy in this way. This is confirmed 
by preliminary observations carried out by Woleendalb [1951] 
using a multiplate cloud chamber below ground. Interactions of the 
penetrating component in the lead plates resulting in the emission 
of secondary penetrating particles have been observed under 
conditions of good geometry. Wolfendale finds 15 examples of 
“pairs” for three of showers containing more than two particles. 
The cross-section for the production of showers of more than two 
partioles is consistent with that derived from the nuolear emulsion 
work, here again, however, the number of pairs is greater than the 
expected value by an order of magnitude. 

Thus it seems that //.-mesons produce single secondary pene¬ 
trating particles by a process that escapes observation in nuolear 
emulsions. This may indicate that the process is not associated 
with nuolear disintegrations, for in the searching of the under¬ 
ground emulsions, events consisting entirely of partioles at minimum 
ionization would not have been observed. 
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INTRODUCTION 


Systematic measurements of the cosmic ray intensity as a 
function of time have been made by many workers over the past 
thirty years and as a result of this work the existence of several 
distinct variations with time is now well established. These vari¬ 
ations may be conveniently divided into two groups, non-periodic 
and periodic. In the first group are variations due to fluctuations 
in barometric pressure and atmospheric temperature together 
with occasional large changes associated with solar flares and 
magnetic storms. There is also good evidence for the existence of 
a 27-day recurrence tendency similar to that shown by geomagnetic 
disturbances. 

There are only three periodic variations whose existence can be 
regarded as certain. The first of these has a period of one year and 
is almost certainly due to the seasonal variation in atmospheric 
temperature. The second and third have periods of 24 solar hours 
and 12 solar hours respectively. In spite of the fact that evidence 
for a variation with a period of one sidereal day has been sought 
by many workers since the early days of cosmic ray research, 
there is still no general agreement as to whether such a variation 
does or does not exist. A variation with sidereal time is of great 
importance, since it may bo expected to provide a valuable clue to 
the origin of the radiation. 

The investigation of these small periodic variations involves 
careful observations extended over long periods of time in order 
that the statistical uncertainties, duo to the finite number of 
particles entering the apparatus in a given time, may be suffi¬ 
ciently reduced. The importance of these purely statistical un¬ 
certainties can of course also be decreased by increasing the 
collecting area of the recording instrument. However even if it 
were possible to make this area indefinitely large it would still 
be necessary to extend the observations over a long period in 
order to smooth out the effects of irregular variations in intensity 
which are associated with magnetic disturbances and non-periodic 
variations in pressure and temperature. 
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Because of the necessity for protracted observations and the 
inherent complexity of the phenomena to be studied the accumu¬ 
lation and interpretation of the experimental data tends to be a 
rather slow process. Nevertheless investigations of this land can 
be expected to yield valuable information about the origin of the 
radiation and also about a wide variety of geophysical and helio¬ 
physical phenomena. 

In the account which follows no attempt has been made to give 
a detailed survey of the development of the subject but a brief 
account has been given of the more important contributions 
during the inter-war period together with a more detailed survey 
of the results obtained in the last ten years or so. 

1. Variations or atmospheric origin 

1.1 Atmospheric temperature and fi-meson decay 

Measurements of the cosmic ray intensity using ionization 
chambers 1 have shown that in addition to the well known baro¬ 
meter effect, discovered by Myssowsky and Tuwtm in 1928, there 
is a negative correlation between the intensity and the temperature 
at ground level. Blackett [1938] pointed out that this temperature 
effect could be explained by the instability of the /i-meson. Accord¬ 
ing to this interpretation, any warming of the atmosphere will 
increase the height above ground level of the region in which the 
mesons are produced so that they have a greater chance of decay 
before reaching the ground, with the result that the intensity is 
reduced. The magnitude of the effect calculated on this basis was 

0.16 % per °C which was in good agreement with Compton and 
Turner’s [1937] experimental value of —0.18 % per °C. 

Blackett also pointed out that the lag in the rise in meson 
intensity relative to the change in barometric pressure on the 
approach of a depression (Mbssbrschmidt and Pporte [1932]) 
could be explained on the same basis. Such a depression is generally 
preceded by a warm air mass so that the rise in temperature tends 
to offset the increase in intensity due to the decreasing barometric 
pressure. 

Hess [1939] has pointed out that the temperature coefficient 

1 See for example, Hbss, Graziadbi and SrnmniAtrBBE [1935] and 
Compton and Tunnhe [1937]. 
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deduced from ionization chamber data obtained on the Hafelekar 
varies with season, the coefficient being about twice as great in 
winter as in summer. The existence of the variation in magnitude 
of the temperature coefficient has been confirmed by Hogg [1947], 
who also finds the coefficient to be about twice as great in winter 
as in summer. The coefficients obtained by both Hess and Hogg 
were evaluated using the temperature at ground level. However, 
it is the mean temperature up to a height of ~ 16 Km., rather 
than the temperature at ground level, which determines the height 
of the meson producing layer, and it seems likely that the seasonal 
variation in the coefficient arises because of the different relation 
between the mean temperature and the ground level temperature 
for different seasons. 

A detailed study of the temperature and barometer effects has 
been made by Duperier [1944] using an unshielded threefold 
counter coincidence arrangement. He has correlated the total 
number of coincidences recorded each day with the corresponding 
mean barometric pressure for the day. The barometer coefficient 
p cB found in this way has the value 3.45 % per cm. Hg. Duperier 
pointed out that this barometer coefficient does not represent a 
simple absorption effect but must include a factor due to meson 
decay because the height, II , of the meson producing layer is 
related to the ground level pressure by the hypsometric formula. 
Thus an increase in either sea-level pressure or mean temperature 
will in general produce an increase in II. In order to separate the 
absorption and decay effects Duperier assumed that the day to 
day variations in intensity are given by the regression equation: 

(1) <5/ ft x 8Ji + p 2 m 

whore SI is the deviation from the moan intensity, SB the deviation 
from the mean barometric pressure and 8H the corresponding 
deviation for the height of the particular pressure level at which 
the mesons are supposed to bo formed. is the absorption coefficient 
and f} 2 is tho probability of meson decay per unit length of path 
(the decay coefficient). and /? 2 were determined by substituting 
in the regression equation the appropriate values of 81, SB and 8H. 
The values of 8H wore obtained from tho radio-sonde observations 
made by the Meteorological Office. 

It is possible to obtain an ostimato of the pressure level at which 
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the bulk of mesons reaching sea-level is produced by carrying out 
a series of multiple correlations between I, B and H for various 
assumed levels. The partial correlation coefficient between I and 
H at constant B, written as r IBJB should be greatest for that 
particular pressure level which is closest to the actual level of 
production. Duperier found that this correlation coefficient in¬ 
creased steadily as the value of H used was increased and reached 
its highest value for H = 16.1 Km., corresponding to a pressure 
level of 100 mb. which was the highest level tried. He therefore 
concluded that the region of meson production was in the neigh¬ 
bourhood of the 100 mb. pressure level or above. This increase 
with height of the correlation coefficient shows conclusively that 
it is the mean atmospheric temperature up to ~ 16 Km. rather 
than that at ground level, which is the controlling influence. 

By substituting in the regression equation the day to day 
changes in height of the 100 mb. isobar Duperier obtained 

At = 2.28 % per cm. Hg. and = 6.4 % per Km. 

The value for the absorption coefficient, is in good agreement 
with the results of direct measurements using absorbers of different 
thicknesses. 

Benedetto [1946] has also correlated the meson intensity with 
the height of different pressure levels and has obtained results 
which are in rough agreement with those of Duperier. A completely 
satisfactory comparison of the results is not possible however 
because of the different procedures which have been followed. 
Benedetto corrected his data using a barometer coefficient prior 
to carrying out his correlations with isobaric heights. This con¬ 
siderably complicates matters since, as has been pointed out 
above, the barometer coefficient is partly due to absorption and 
partly to deoay. 

1. 2 The positive temperature effect 

Dtjpebibe [1949] has recently extended his study of the cor¬ 
relation between day to day changes in the meson intensity and 
the corresponding meteorological changes using a modified 
arrangement of his original threefold counter set. In its original 
form the counter array carried no absorbing material so that both 
mesons and electrons were counted. In the modified arrangement 
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the top two counter trays were placed directly above each other 
and separated from the lower tray by 25 cm. of lead. The solid 
n.n g1ft over which the set was sensitive was therefore considerably 
less than in the previous arrangement. Five periods of observation 
were separately analysed comprising respectively 9, 20, 18, 27 
and 33 days. The upper air data used were daily means of the 
radio-sonde observations made at 03, 09, 15 and 21 hours at 
T jixlrhill (about 100 km. to the south-west of London) and at 
Downham Market (about 75 km. to the north-east). 

Initially the data were treated in the same way as described 
in § 1. 1; that is, the partial correlation coefficients between I, B 
and H were calculated for the 900, 500, 200 and 100 mb. pressure 
levels. The results are shown graphically in Fig. 1. There is a 



with ground pressure, at constant hoight of pressure levels for different 

pressure levels. 

significant difference between these results and those obtained 
with the original unshielded arrangement in that the partial 
correlation coefficient r IEB does not increase steadily up to the 
lowest pressure level studied but decreases in value from 200 mb. 
to 100 mb. On the other hand the partial correlation coefficient 
between I and B at constant II, written as is still increasing 
up to the 100 mb. layer. Duperier has interpreted this as indicating 
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that the regression equation with three variables, (1), does not 
completely account for the observed changes in the intensity as 
otherwise both r IBM and r ms should reach their maximum values 
for the same pressure level, that is, at the level at which the mesons 
are produced. He therefore concluded that some other variable 
apart from B and H must be involved. This additional variable 
was assumed to be the density of the air near a given pressure 
level P. This density is inversely proportional to the temperature 
and since it is the temperature which is actually measured by the 
radio-sonde this is a more convenient variable to use. Accordingly 
the regression equation now becomes 

(2) <5 1 = ^SB + /y H + fl a dT 

where the first two terms on the right-hand side have the saints 
meaning as before and 6T is the deviation from the mean of the 
temperature of the layer between P, the chosen pressure level, 
and (P + 100) mb. . 

The correlation coefficient between I and T for constant B and 
H, written r 1TJBS was calculated for different pressure levels. A 
value of + 0.68 was found for the 200—100 mb. layer but there 
was no significant correlation with the temperature of tho 200—300 
or 500—600 mb. layers. It was found that all five periods of ob¬ 
servation showed a high positive correlation between the meson 
intensity and the temperature of the 200—100 mb. layer; tho 
mean value found for /S 8 was +0.12 % per °C. 

Dttpebier therefore concluded that these three variables, tho 
temperature of the air layer between 100 and 200 mb., tho baro¬ 
metric pressure and the height of the 100 mb. layer, each exercises 
a controlling influence on the meson intensity at ground level. 

The positive correlation between the meson intensity at ground 
level and the temperature of the 10C+-200 mb. layer will be 
referred to as the positive temperature effect in order to distinguish 
it from the negative temperature effect due to /i-meson decay. 
This positive temperature effect appears to indicate that the 
number of mesons at the surface of the earth increases as the air 
density in the region of production decreases and Duperior has 
interpreted this as being due to the competing processes of nuclear 
capture and decay of jt-mesons. It is supposed that tho jr-mosons 
are produced by the primary cosmic ray particles and then either 
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decay into //-mesons or are captured in a nuclear encounter. For 
a TT-meson of given energy the probability of cajotme is pro¬ 
portional to the demsity of the air along its path bo tk t gl> low 
temperature, and therefore a high density, increases the jprobatoilifcy 
of capture and resalts in a lower iatensity of ^-mesons ab the 
ground. Thus if R is the mean free path. in. gmjcm 2 for* a ml clear 
collision and JL is the rang© in ceixtiinotres before decay, tho 
probability of capture is given Iby i/(JJ/g) where q is tie density 
of the air. On the other hand the probability of deoajr into a 
//■meson is given by P = 1— LglJZ, and the teimporatTirc coefh c- 
ient by 

__d£ _ L 

w a -~dcr-~ 1 dr* 

More recent results (DunmnsR [1951]) show however, that-there 
is a discrepancy between tho observed and the caL cnL ate d tempera¬ 
ture coefficients. For instance if the lifetimooffche ji-meson is taken 
to bo 2.6 x 10 -8 see. and the mean free pa/bh for a nu dear Lnt©r- 
action to he (10 gm.cin 2 it turns out that th© observed t^mper^ttirre 
effect is about II tim or greater than, that calculated on the basis of 
these values; thero in therefor© some doabt as to whet lor this 
interpretation is correct, 

1.3 The seasonal variation 

Prior to 11)38, work of rather limited aocrm^cy ha,di:ri(li cated 
the presence of a seasonal variation incMMiiic ray mt&nfrty, most 
observers agreeing that thcr© waHanaiimum in wixitex Bokjbit sh 
([1938a] and [1939]) analyzed the results of several yearsioifeatL on 
chamber data, at Cheltenham (U.S.A,), Ohrietohurch (ITew Zea¬ 
land), Tooloyucun (Mexico) and Huancayo (IPoru), H© s^pa^ated 
the variation ©vor the yoaiint© two parts, a world wicio ’variation 
of irregular character which, h© ascribed to geoxnagn&tio activity 
(see § 4. 1) arxdaWvolvo monthly wav© which was present at all 
stations except Hiianoayo. The amplitudes and tim&s o f OLaximuma 
of these waves aro given in Table 1 together with the results of a 
similar analysis of observations on th© Hiafolokar- AJ1 **>he data 
have, boon cornictcd for variations in barom©tiic pressure, 

In each oawe tho cosiuio Tay variation wsus found to b very 
nearly opposite in phaso to that for the ground, to m]>cra^tiire but 
the temperature cooffici&Tit obtainei by taking tlxc ratio of the 



462 


TIME VARIATIONS OB’ INTENSITY 


amplitudes varied markedly from station to station (0.19 % per °C 
for Teoloyucan, 0.13 % per °C for Cheltenham). Because of the 

TABLE 1 


The seasonal variation in cosmic ra/y intensity 


Station 

Latitude 

Height 
above 
sea level 

Amplitude 

Time of 
Maximum 

Cheltenham. 

38.7° N 

72 m. 

1-6% 

January 19 

Teoloyucan. 

19.2° N 

2285 m. 

1-0% 

January 24 

Huaneayo. 

12.0° S 

3350 m. 

0.0% 

— 

Christchurch. 

43.5° S 

8 m. 

0.8% 

July 28 

Hafelekar. 

47.3° N 

2300 m. 

1-9% 

January 15 


variability in the temperature coefficient deduced in this way 
Forbush did not interpret the seasonal wave as being directly due 
to atmospheric temperature changes. 

Cell [1939] published an independent analysis of the same data 
as had been used by Forbush. He resolved the seasonal variation 
into a 12-monthly and a 6-monthly wave and found no significant 
correlation between monthly means of ground temperature and 
cosmic ray intensity except at Cheltenham. The amplitudes of the 
12-monthly waves differed significantly from those found by 
Forbush and this is presumably due to the latter having first 
removed the irregular world wide variation. Gill pointed out that 
the results could be interpreted as being due to the seasonal 
temperature changes. The variation in temperature coefficient from 
station to station is not inconsistent with this interpretation, since 
it iB the mean air temperature up to a height of ~ 16 Km. rather 
than the ground temperature, which is the controlling influence 
(see § 1.1). 

V AT X ar t a and Godart [1939] have suggested an alternative 
interpretation connected with the solar magnetic field. They 
assumed a dipole moment of 10 34 gauss cm 3 for the sun and consider¬ 
ed (a) the yearly change in heliomagnetic latitude of the earth 
due to the angle between the sun’s dipole and the plane of the 
ecliptic, (6) the periodic change in distance between the earth and 
the sun (maximum in July, minimum in January) and (c) the 
effect due to the angle between the earth’s axis and the plane of 
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the ecliptic. The variation calculated in this way does not, how¬ 
ever, agree very well with that found by Forbush and by Gill and 
this interpretation has received little support. 

Some recent observations on the seasonal variation have been 
made in Manchester (Dolbear and Elliot [1951]) using threefold 
counter coincidence sets. Two such sets inclined at 45° to the 
vertical in the north and south directions were used in order that 
the directional dependence of the diurnal variation could be 
studied at the same time. Each counter array contained 35 cm. 
of lead absorber so that the meson component only was recorded. 

The correlation between the daily mean values of the meson 
intensity, the barometric pressure and the heights of various 
pressure levels was first investigated using daily records of the 
barometer reading together with the upper air data obtained 
from radio-sonde ascents at Liverpool. It was found that the 
partial correlation coefficient between the daily mean values of 
the intensity and the height of a particular isobaric level was 
greatest for the 100 mb. level which was the highest considered. 

The decay and absorption coefficients were next evaluated by 
correlating the daily mean values of the intensity with barometric 
pressure and the height of the 100 mb. pressure level, using the 
mean of 16 radio-sonde ascents from four stations in Britain. These 
correlations were carried out for each of the months in 1949, and 
for each recorder separately. The mean values obtained for the 
two regression coefficients wore: 

Absorption coefficient (— 1.63 ± 0.05) % per cm. Hg. 

Decay coefficient (— 5.70 ± 0.23) % per Km. 

The seasonal variation was investigated by forming monthly 
moan values of the intensity and those values are shown plotted 
in Figure 2 after correcting for the variation in barometric pressure 
using the absorption coefficient evaluated in the manner described 
above. It will be seen that the intensity shows a definite deorease 
in mid-summer amounting to about 2 % and that there is good 
agreement between the two recorders. The corresponding variations 
in // 100 , the height of the 100 mb. layer and T v the surface tempera¬ 
ture, are shown inverted to make dearer the inverse relationship 
between these variables and the intensity. These results agree 
qualitatively with the earlier work using ionization chambers and 
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it is worthy of note that there does not appear to be any directional 
dependence of the seasonal variation within the accuracy of these 
measurements. 

The monthly values of the iiftensity plotted in Figure 2 were 



Fig. 2 - The seasonal variation in cosmic ray intensity for North and South 
directions together with the corresponding variations in hoight of the 
100 mb. isobar and in the surface temperature. 

correlated with the corresponding values of H and the correlation 
coefficients were found to be — 0.94 and — 0.91 for the north and 
south pointing recorders respectively. The mean value of the decay 
coefficient, however, was found to be — 3.55 % per Km. which 
differs significantly from the value — 5.70 % per Km. deduced 
from the day-to-day correlations with the same data. 

An examination of the data in Figure 2 shows that there are 
several discrepancies in the behaviour of the intensity when 
compared with H . For example in April and May although H has 
then a value equal to the annual mean the intensity measured by 
both recorders is 0.5 % above the annual mean; the maximum 
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of H is in July and the minimum of the meson intensity in August. 
In addition the steep recovery of H to the a nn ual mean in the 
period September-October is not duplicated in the intensity. 

These discrepancies were taken as an indication that some 
additional variable other than barometric pressure and the motions 
of the 100 mb. isobar must be taken into account if the annual 
variation is to be fully explained. This became even more apparent 
when the monthly mean values of the intensity were corrected for 
the variation in H using the coefficient — 5.7 % per Km. deduced 
from the day-to-day correlations. The resulting variation corrected 
in this way is shown separately for the two recorders in Figure 3. 



Fig. 3 - The seasonal variation in cosmic ray intensity after correcting for 
the effect of /t-moson decay. 

The decay correction completely reverses the phase of the variation 
which now shows a maximum in summer. This seasonal wave 
agrees qualitatively with that found by Rati [1939] with an 
ionization chamber under 40 metres of water. He found a seasonal 
variation in the intensity which reached its maximum in June 
with an amplitude of about 2 %. In this connection it should be 
pointed out that with the high energy mesons recorded with Rau’s 
arrangement (> 10 BeV) the decay effect was negligible so that no 
correction for this was required. 
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Dup bribe [1949] has suggested that the variation found by 
Ratj may be due to the positive temperature effect and the result 
shown in Figure 3 can be interpreted in the same way. It therefore 
appears that in order to explain the seasonal variation we must 
take into account the positive temperature efiFect as well as the 
effect due to the decay of ^-mesons. 

2. The solar daily variation 

2.1 Omni-directional measurements 

In the period 1911 to 1914 the experiments of Hess and Kol- 
horster in manned balloons had proved fairly conclusively the 
existence of a penetrating radiation of extra terrestrial origin and, 
naturally enough, one of the next problems to be considered was 
that of Ideating the source of the radiation. The most dirfect approach 
to the problem is that of measuring the intensity of the radiation 
as a function of time, and in 1923 Kolhorster and Salis working 
with an ionization chamber on the Jungfrau found an apparent 
increase in intensity of the radiation when the Milky Way was 
overhead. This result was clearly of great significance if correct 
and many workers repeated the measurements in the hope of 
confirming the existence of the effect. The results obtained were 
however entirely contradictory, some observers finding variations 
over the sidereal day of as much as 15 %, others finding none 
at all. 

Lindholm [1928] carried out a series of observations using 
an ionization chamber and found that whilst the int ensi ty of the 
radiation did not appear to show any appreciable variation with 
sidereal time, it did show a variation with local solar time. The 
maximum intensity occurred in the early afternoon and the mini¬ 
mum at night, the amplitude of the variation being rather less 
than 0.5 %. Measurements on Mt. Evans by Compton, Bennett 
and Stearns [1932] also using an ionization chamber, showed a 
rather similar variation with a _ time of maximum near noon. 
Sohonland, Delatizky and Gaskell [1937] were able to show, 
from the results of their measurements made in Capetown during 
the period 1933—1935, that the amplitude of this solar variation 
was significantly greater in summer than in winter. 

The results of a long series of intensity measurements have been 
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published by Lange and Forbush [1948]. These observations 
were made with the Model C ionization chamber (Compton, 
Wollan and Bennett [1934]). This chamber is spherical in shape 
with a volume of about 20 litres and is filled with pure argon to 
a pressure of 50 atmospheres. In order to reduce the effects of 
local radioactivity the chamber is surrounded by lead shot equiv¬ 
alent to 10.7 cm. solid lead. The ionization current produced by 
the cosmic radiation is compensated by ionization produced in a 
small auxiliary chamber by the y-rays from a uranium source, and 
any departure from perfect balance results in the accumulation 
of either a positive or negative charge on the central collecting 
electrode. The central electrode is connected to earth for 3 minutes 
at the beginning of every hour and for the remaining 57 minutes 
is connected to a Lindemann electrometer. The shadow of the 
needle of this instrument is projected on to a moving strip of 
bromide paper, so producing a record of the potential of the 
collecting electrode which is determined by the cosmic ray in¬ 
tensity. Ionization chambers of this type were installed at Chelten¬ 
ham (U.S.A.), Huancayo (Peru), Christchurch (New Zealand) and 
Godhavn (Greenland). 

The results collected by Lange and Forbush include detailed 
records of the bi-hourly mean departures from balance for Huancayo 
for the poriod Juno 193(5 to December 1945 together with daily 
means for each of the four stations over a similar period. In addition 
annual tables are given of the average diurnal variation for each 
month, season and year. The diurnal variation data are tabulated 
for the periods 1936 to 1946 for Huancayo, 1937 to 1946 for 
Cheltenham, 1936 to 1946 for Christchurch and 1938 to 1946 for 
Godhavn. All the data have been corrected for variations in 
barometric pressure. 

Figure 4 shows the daily variation for each of the four stations 
averaged over the period 1939 to 1946 but excluding the years 
1942 and 1945 for which the Christchurch records are incomplete. 
It will be seen that the variation for Christchurch and Cheltenham 
are similar and have an amplitude of about 0.16 % with a maximum 
at approximately 3 p.m. The variation for Huancayo has much 
the same amplitude but the time of maximum is significantly 
earlier occurring round about mid-day. The amplitude of the 
variation at Godhavn is smaller than for the other three stations 
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and appears to be rather irregular. The geographic latitudes, 
geomagnetic latitudes and heights above sea-level of these stations 
are respectively 12 °S, 0.6 & S and 5350 metres for Huancayo 



Fig. 4 - The average diurnal variations computed from 8 years ionization 
chamber data at Huancayo, CJhel-fcenham, Christchurch and Grodhavn. 

38°.7 N, 50°.l N and 72 metres for Cheltenham, 43°.5 S, 48°.6 S 
and 8 metres for Christchurch an^ 69°.2 N, 79°.9 N and 9 metres 
for Grodhavn. 

In dealing with periodic variations of this kind it is often con¬ 
venient to split them up into their harmonic components. This 
analysis gives us the Fourier coefficients which we mil suppose 
to be and b l5 for the 24 hour period, that is to say the first 
harmonic is given by the expression 


a* cos t H-t^sinf 
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which in turn can be written as A 1 sin (t + %) where 
a^ = A x sin and b t = A t cos e x 

The sine wave A x sin (t + Sj) can be represented vectorially as 
shown in Figure 5, where it will be seen that the Fourier coefficients 

OOhr 


06hr 


12 hr 

Fig. 5 - Construction of tho harmonic dial. 

are simply the components of tho vector in the two directions at 
right angles. Plotting tho coefficients on the rectangular co-ordinate 
system shown will therefore give us tho end point of the vector so 
that both its length and phase angle measured anti-clockwise 
relative to tho b axis are determined. The maximum of the sine 
wavo A x sin (t H • e x ) occurs when t + e x — je/ 2 that is to say 
tm*x = (ot/ 2 — Si). If a time scale is now inserted on the diagram 
and is measured in a clockwise direction from the a axis such that 
360° corresponds to 24 hours tho direction of the vector will indicate 
directly tho timo of maximum. Chapman has introduced the name 
harmonic dial for a diagram of this kind. Higher harmonics oan 
also be represented on similar dials by inserting the appropriate 
time scale; tints for tho second harmonic of the diurnal variation, 
360° would correspond to 12 hours, and so on. 
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The first harmonics of the daily variations shown in Figure 4 
are plotted on a harmonic dial in Figure 6 which shows clearly the 
difference in phase between the variation at Huancayo and the 
other three stations. Apart from being situated close to the equator, 
Huancayo differs from these stations in that its height above 
sea-level is 3350 metres; consequently it is not possible to say 
definitely whether we have here an effect arising from the difference 



Fig. 6 - Harmonic dial showing the first harmonics of the daily variation 
at Cheltenham, Christchurch, Huancayo, Codhavn and the Hafelekar. 

in latitudes or from the difference in heights above sea-level. The 
average for three years ionization chamber data obtained by TTmaa 
and Gbaziadhi [1936] on the Hafelekar (2300 metres above sea- 
level, geographic latitude 47° N) is also shown. Their ionization 
chamber was shielded by 10 cm. lead and the records extended 
over the years 1932 to 1934 inclusive, being corrected for both 
atmospheric temperature and pressure variations. Whilst these 
results are not directly comparable with the Huancayo data, 
because of the temperature correction and the difference in time 
between the observations, they do seem to indicate that at least 
a part of the discrepancy between the phase of the variation at 
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Huancayo and that at the higher latitude stations is due to the 
difference in height above sea-level. 

Hogg [1949] has published the results of a series of observations 
made in Canberra using an ionization chamber of volume about 
4 litres. The chamber was filled with carbon dioxide at a pressure 
of ~ 10 atmospheres and was shielded by 10 cm. lead. The 
observations extended over the period September 1935 to August 
1940. The average value for the diurnal variation, after correcting 
for the variation in pressure, was found to be ~ 0.24 % with a 
time of maximum close to 1430 h local time. The time of maximum 
at Canberra is close to that for Christchurch and Cheltenham but 
the amplitude is appreciably greater than that for the latter two 
stations. 

The diurnal variation is of particular interest because it enables 
us to obtain some information about the degree of isotropy of the 
primary flux, and at first sight it might appear that the existence 
of the solar daily variation itself could bo taken as evidence that the 
primary radiation is not completely isotropic. We know, however, 
that if data for a large number of days are analyzed there are 
regular changes over the day in both atmospheric temperature 
and pressure which must themselves influence the cosmic ray 
intensity observed at sea-level. Consequently before any inform¬ 
ation can be obtained about the behaviour of the primaries it is 
necessary to apply corrections for these effects. Unfortunately 
the corrections for temperature aro both large and uncertain. The 
temperature is higher during the day than at night and it is to be 
expected that because of /*-meson decay this will tend to reduce 
the daytime intensity below that for the night. Since the observed 
variation shows the intensity to bo greatest in the early afternoon 
correction for this effect will increase the amplitude of the variation. 

Corrections of this kind have boon applied by Dupekibr [1940] 
to results covering three years obtained in London, using a three¬ 
fold counter coincidence set. The average daily variation corrected 
for pressure only was found to have an amplitude of 0.244 % with 
a time of maximum at 1800 h local time. After eliminating the 
effect of daily variation in temperature, the amplitude became 
0.414 % and the time of maximum was advanced to 1618 h. A 
similar correction has been applied by Hogg to his data and results 
in a variation with an amplitude of ^ 0.7 %. 
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In addition to this correction for the effects of ^-meson decay, 
it would appear that a further correction ought to be made taking 
into account the positive temperature effect discussed in § 1. 2. 
This has been discussed by Dolbear and Elliot [1951], who 
conclude that it is likely to be even larger than the decay cor¬ 
rection. Meanwhile it is sufficient to say that the influence of 
these factors makes it difficult to link the observed variation at 
sea-level with that of the primaries outside the atmosphere. 

It is possible to overcome much of the uncertainty arising from 
these effects by using counter telescopes which are arranged sym¬ 
metrically with respect to the vertical. Thus if two telescopes are 
set up so that one points to the north at 45° to the vertical and the 
other to the south at the same angle any changes in atmospheric 
pressure or temperature will affect both counting rates equally. 
If the telescopes are located at latitude 45° the north pointing 
telescope will be directed parallel to the axis of rotation of the 
earth and the direction in space to which it points will not change 
as the earth rotates. The south pointing telescope on the other hand 
is directed into the equatorial plane of the earth and therefore 
sweeps across the sky as the earth rotates. A non-isotropic distri¬ 
bution of the primary radiation falling on the earth will therefore 
produce a difference between the daily variations for the two 
directions. Information can therefore be obtained about the 
variation in primary intensity by subtracting the variation for 
the north direction from that for the south. This avoids the 
necessity for temperature and pressure corrections. The results 
obtained by using directional counter sets of this kind are described 
in the next section. 

2.2 Measurements using directional counter arrays 

AmrviN and Malmxors [1943] in Stockholm and Kolhorster 
[1941] in Berlin have investigated the daily variation with direct¬ 
ional counter telescopes. The former workers measured the daily 
variation for rays arriving at the earth’s surface at 30° and 60° to 
the vertical in the north and south directions. The arrangement 
used consisted of three counters 50 cm. long and 15 cm. in diameter, 
mounted on a framework which was turned through 180° about a 
vertical axis at the end of each hour so that the number of coin¬ 
cidences was recorded in the north and south directions during 
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alternate hours. Records were obtained for a total of 600 complete 
days during the period February 1939 to August 1941. It was found 
that the variation showed a definite dependence on direction. 
For a zenith angle of 30°, for instance, the first harmonic of the 
daily variation in the north direction had an amplitude of ~ 0.16 % 
with a time maximum of 1330 h. whereas that for the south had a 
similar amplitude but the time of maximum was shifted to 1900 h. 

In discussing these results Malmfors [1948] points out that the 
difference between the variations for the two directions cannot 
be due to any atmospheric effect, since the particles from both the 
north and south have passed through the same amount of atmos¬ 
phere under approximately the same conditions. He also shows 
from model experiments, using a small magnetized sphere (to 
represent the earth) and an electron beam, that the effect is unlikely 
to be due to the earth’s magnetic field. He concludes that the 
primary radiation is not isotropic. He points out that this lack of 
isotropy cannot arise as a result of the deflection of the particles 
in the solar magnetic field. Only particles of low momentum are 
likely to be affected by this field and he is able to show from his 
model experiments that the direction at which such particles 
arrive in the atmosphere is only slightly dependent on the original 
direction of the particles outside the earth’s magnetic field. This 
is duo to the spiral motion of the particles, a small change in 
momentum being sufficient to produce a largo change in the 
direction of arrival at tho earth’s surface. Consequently, if we are 
to account for the marked difference between the variations for 
tho north and south directions it must bo assumed that the lack 
of isotropy exists for particles of high onergy which suffer little 
deflection in the earth’s magnetic field. 

Measurements have also been made in Manchester with direc¬ 
tional counter arrays (Elliot and Dolbhab. [1950 and 1951]). 
The apparatus used consisted of two counter arrays each array 
carrying 30 counters arranged in throe trays of ten and coincidences 
wore rocordod between the three trays in each case. The counters 
had an effective length of 60 cm. and were 4 cm. in diameter, and 
the spacing botween tho trays was 7.5 cm. so that each array 
counted particles over a rather wide solid angle. The two counter 
arrays wore mounted in boxes on a framework so that one pointed 
south at 45° to tho vortical and the other to the north at the same 
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angle. The framework could be turned about a vertical axis so 
that the directions of the recorders could be reversed at regular 
intervals. 

The counting rate of each recorder was approximately 50,000 
threefold coincidences per hour. The coincidence pulses were fed 
to scaling units (one for each recorder) which scaled by 100 and 
the output of these scaling units operated electromechanical 
counters. These counters, together with a clock and an aneroid 
barometer, were mounted on a panel which was automatically 
photographed every fifteen minutes. In order to eliminate any 
systematic difference between the two recorders they were turned 
round at fortnightly intervals so that each pointed north and 
south alternately. 

Figure 7 shows the mean daily variation for the north and south 
directions for a total of 360 days. It is clear from these curves that 



Local Time (hours) 

Fig. 7 - The daily variation for the North and South directions at Manchester. 

there is a significant difference between the variations in the two 
directions which is in agreement with Alfvdn and Malmfors’ 
results. If the interpretation of this difference in terms of a non¬ 
isotropic primary radiation is correct, then as pointed out in the 
previous section, the difference between the two curves should 
represent the variation of the incident primary intensity with time 
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of day. The difference curve obtained by subtracting the north 
variation from that for the south is shown in Figure 8. 

Now (Elliot and Dolbeab [1950]), it is possible to check this 



Fig. 8 - Difference curve obtained by subtracting the North variation 
from that for the South at Manchester. 

interpretation in terms of a non-isotropic primary distribution by 
measuring the daily variation in the oast and west directions. 
Under these conditions the two telescopes scan the same part of 
the sky in succession as the earth rotates. The difference in time 
between any particular region of the sky appearing opposite the 
two telescopes depends on the angle between them. Thus if each 
telescope is inclined at an angle 0 to the vertical this difference in 
time will be 20/15 hours. Measurements in the oast and west 
directions have been made in Manchester with the recorders used 
Tni t.in.lly for the north and south measurements described above. 
With thiB arrangement the counter arrays were inclined at 45° to 
the vertical but because of the fall off in intensity with zenith 
angle the direction of maximum sensitivity aotually lay at 25° to 
the vortical. Consequently for this arrangement 0 = 25° and there¬ 
fore the primary intensity variation shown in Figure 8 should be 
displaced 1.7 hours earlier for the east-pointing telescope and 
1.7 hours later for the west. The variation shown in Figure 8 can 
be well represented by the sum of a 24 and a 12 hour wave and 
can therefore bo written as 

cos 2?r/24(i — ^) + P 2 cos 2tt/ 12(< — < a ) 

If we suppose that the part of the daily variation which has its 
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origin in the atmosphere to be given by some function of timn 
A(t) the east variation should be given by 

AI s = A(t) + P 1 cos 2 je/ 24 {f— —1.7)} + P a cos 2jr/12{«—(tj—1.7)} 

and the west variation by 

AI w =A(t)+P 1 cos 2jc/24{tr-{t 1 + 1.7)} +P, cos 2ir/12{#-(«2+ 1-7)}, 

the atmospheric component being the same for the two directions 
since the two telescopes are symmetrical with respect to the 
vertical. This atmospheric part can therefore be eliminated by 
taking the difference between the two so that we have 

A1 b — AI W = —{0.86 P 1 sin 2w/24(t—y + 1.66 P 2 sin 2jr/12(i— t^} 

This expression for the difference between the east and west 
daily variations depends on the quantities P v P 2 , ^ and t % which 
are all known from the south-north measurements. The only other 
factor involved is the angle 20 between the two telescopes which is 
responsible for the 1.7 hours change in phase. This calculation is 
based on the assumption that the curve in Figure 8 represents a 
variation in primary intensity and the truth of this assumption 
can therefore be checked by comparing the calculated and observed 
east minus west variations. 

The daily variation in the east and west directions measured 
over a period of 300 days during 1949 is shown in Figure 9 (Elliot 
and Dolbeab [1951]). The east minus west difference is also shown 
in the same figure. The points which have been plotted are the 
observed differences and the curve which has been drawn is that 
given by the expression deduced above. In view of the close 
agreement between the observed points and curve calculated from 
the south-north measurements it seems very likely that the inter¬ 
pretation in terms of a non-isotropic primary radiation is correct. 

In order to explain the daily variation completely, it is still 
necessary, of course, to account for the component A(t) which is 
supposed to originate as a result of atmospheric effects. As was 
pointed out above, the decay temperature effect would tend to 
produce minimum intensity at midday whereas the positive 
temperature effect would tend to produce a ma.xirrmm at that 
time. The resultant variation will therefore depend on the relative 
magnitudes of these two effects and it may be that the remainder 
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of the variation can be accounted for if the positive temperature 
effect is sufficiently large to outweigh the decay effect. There is 
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Fig. 9 - The daily variation in the East and West directions and the 

difference (E-W). 

some reason to suppose that this may be so (Dolbeab and Elliot 
[1951]) but the daily temperature variations at great heights are 
not sufficiently well known to enable a definite conclusion to be 
reached at present. 

2. 3 The relation between the daily variation and geomagnetic 
activity 

Elliot and Dolbeab [1951] have suggested that the non¬ 
isotropic primary distribution may be connected with the emission 
of oorpuscular streams by the sun. If the sun has a general magnetio 
field, then, according to AlfvtSn [1949], these streams will have 
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transverse electric fields associated with them, due to polarization 
as a result of the motion of the stream through the solar field. 
Dolbear and Elliot point out that the direction of the field as 
seen from the earth will be opposite for streams emitted from 
the east and west limbs of the sun and that this should lead to a 
decrease in intensity in the late morning and an increase in the 
early afternoon if it is assumed that the orientation of the solar 
dipole is the same as that of the earth. This is in qualitative agree¬ 
ment with the experimental results shown in Figure 8 and rough 
quantitative agreement is obtained for a solar equatorial field of 
^ 8 gauss. 

They also suggest that if magnetic disturbances are due to the 
arrival of' a solar stream in the vicinity of the earth the effect of 
the electric field discussed above should be greatest at the time 
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of such disturbances, since the stream will then subtend its maxi¬ 
mum solid angle as seen from the earth. With a view to checking 
this, the data were divided into two groups, one comprising the 
days on which the sums of the three-hourly K-figures of magnetic 
activity were ^ 17 and the other of days for K ^ 18. The south 
minus north curves for the two groups are shown in Figure 10 
where it will be seen that the variation is indeed greater on disturbed 
than on quiet days. 

This may be connected with the much enhanced daily variation 
which is sometines observed during the few days immediately 
following an intense magnetic storm. This effect has been found 
by Sekido and Yoshida [1950] and by Elliot and Dolbeab. 
[1951], and is clearly shown in Figure 11 where the hourly values 



Fig. 11 - The variation in cosmic ray intensity on tho days following two 

geomagnetic storms. 

of the cosmic ray intensity in Manchester are plotted for the 
days following two magnetic storms which began on 26th July 
1946 and 24th January 1949 respectively. The values have been 
corrected to constant barometric pressure. 

Figure 12 shows the average diurnal variation for the two days 
following the magnetic storm of July 26, together with the two 
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days folio-wing the storm of Jan. 24. The average variation over 
360 days is also shown for comparison. It wiil be seen that in 



Fig. 12 - (A) Mean daily variation for 26 and 27 January 1949 and 28 and 
29 July 1946. (B) average daily variation for 360 days. 

addition to the increase in amplitude the time of maximum is 
advanced from 1400 h. to 1200 h. This advanoe in phase of the 
daily variation during the days following a storm has also been 
found by Sekido and Yoshida. 

2. 4 The daily variation at great altitudes 
JInossy [1937] pointed out that if the sun has a magnetic 
field of the order 60 gauss, it should produce a daily variation in 
cosmic ray intensity. This variation arises as a result of the rotation 
of the earth relative to the directions of approach which are 
forbidden according to the Stormer theory for the motion of 
charged particles in a dipole field. The amplitude of this daily 
variation should increase with altitude, since the contribution 
to the total intensity by particles of low momentum, which are 
most affected by the solar field, increases with height as absorption 
effects in the atmosphere become less important. 
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More recent calculations by AlevI&n [1947] and by Kane, 
Shanley and Wheeler [1949] show that the daily variation is 
likely to be a good deal smaller than that expected from the simple 
Stormer theory, because of the effect of particles scattered into 
periodic orbits in the sun’s field by the magnetic field of the earth. 
This means that the forbidden directions, which would be empty 
on the simple theory, do in fact carry an appreciable intensity of 
radiation, and the amplitude of the expected diurnal variation is 
therefore reduced. Detailed calculations on the phase and amplitude 
of the variation have been made by Dwight [1950] for two values 
of the solar magnetic moment, (0.42 and 1.0 x 10 84 ga uss cm 8 ) 
and for different latitudes. Assuming a differential momentum 
spectrum with exponent — 2.75 he finds that the intensity during 
the early hours of the morning should be several percent less than 
at midday. The actual values depend on the value assumed for 
the solar moment and on the particular latitude. 

Measurements of the cosmic ray intensity at 30,000 ft. have 
been made by Dolbear and Elliot [1950] using a threefold 
counter coincidence set, and the results show that at this altitude 
the..difference between the day and night intensities is not likely 
to be greater than 1 %. Bergstralh and Sohroeder [1951] usin g 
equipment carried aloft by balloons have measured the total 
ionizing intensity, the y -ray intensity and the neutron intensity 
at altitudes up to 75,000 ft. during the two periods 0030 to 0830 h. 
and 1800 to 2200 h. They find that the difference in intensity is 
not greater than 1 % for the total ionizing radiation and not 
greater than 3.5 % for the y-rays and the neutrons. These figures 
represent the limits of accuracy attained in each case. According 
to Dwights’s calculations thcBO results indicate that the solar 
magnetic moment is less than 0.42 x 10 M gauss cm 3 (equatorial 
field ~ 12 gauss). 

2. 5 The semi-diurnal variation 

Ah has been pointed out in the previous section, it is convenient 
to analyze the solar daily variation into its Fourier components, 
and it is found that in addition to the 24 hours component there 
is a significant 12 hours (semi-diurnal) wave. The 12 hour waves 
for Cheltenham, Christchurch, Huaneayo and Qodhavn, after 
correcting for pressure, are shown in Figure 13. It will be seen that 
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the amplitudes of these waves are small, but some workers have 
found quite large amplitudes. For instance, Ratj [1939] using 
two ionization chambers suspended in a narrow fissure in the rock 



06 hr 

Fig. 13 - Harmonic dial showing the semi-diurnal variations for Christchurch, 
Cheltenham, Huancayo and Godhavn. 

40 metres under the surface of Lake Constance found the solar 
variation to be primarily semi-diurnal in character with an ampli¬ 
tude of 0.15 %. The times of maximum were 1130 and 2330 h. 
so that this variation is very nearly in phase with the semi-diurnal 
variation in barometric pressure. On the other hand Dtjphrieb 
[1946] using an unshielded counter set found a 12 hour wave with 
amplitude 0.18 % with maxima at 0312 and 1512 h. which is 
within an hour of being completely out of phase with the baro¬ 
meter variation. 

It has been noted by Ratj [1940] and by Ehmbrt [1940] that a 
semi-diurnal variation in the cosmic ray intensity which is in 
phase with the barometric variation could be explained on the 
basis of the theory of atmospheric oscillations outlined by Pkkkris 
[1937 and 1939] and developed in detail by We ekes and Wilkes 
[1947]. According to this theory the atmosphere has a free oscillation 
period of 12 hours with the result that the 12 hour barometer 
variation is magnified by resonance. This oscillation is characterized 
by a nodal surface at a height of about 30 Km. with the result 
that the motion of the isobaric surfaces above and below 30 Km. 
are 180° out of phase. The height of any particular isobar above 
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30 Km. is a minimum at the time of maximum sea-level baro¬ 
metric pressure. If it is assumed that most of the mesons recorded 
by Rau’s apparatus were produced at some pressure level lying 
above 30 Km., then because of the decay of the /£-meson the motion 
of this pressure level should produce a 12 hour variation in the 
meson intensity in phase with that of the barometric pressure. 
The atmospheric oscillation theory therefore affords a qualitative 
..explanation of the variation in meson intensity observed by Rau. 

The implications of this interpretation have been examined 
quantitatively by Nicolson and Sarabhai [1948] and they con¬ 
clude that this explanation is only possible if the bulk of the mesons 
is produced at a height of 60 or 70 Km. above sea-level. At this 
altitude the amplitude of the pressure oscillation, which according 
to the theory of Weekes and Wilkes increases rapidly with 
height above the nodal surface at 39 Km., is just sufficient to 
account for the 12 hour variation in cosmic ray intensity. At 
70 Km. however the pressure is about 1/8900 of an atmosphere, 
and it therefore follows that the primary particles would have 
to produce a large part of the meson flux in traversing this amount 
of air. Such an assumption leads to an unreasonably high cross- 
section for the meson production process compared with the 
generally accepted figure which coiTesponds to a mean free path 
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Fig. 14 - Harmonic dial showing the Homi-diunial variation at Manchester 
for particles arriving from the North and South directions. 
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for the primaries of ~ 1/10 atmosphere. It seems extremely un¬ 
likely, therefore, that the semi-diurnal variation observed by Rau 
can be accounted for in terms of atmospheric oscillations in this way. 

Harmonic analysis of the daily variation observed at sea-level 
using counter telescopes (Elliot and Dolbbar [1960 and 1961]) 
shows that the amplitude of the semi-diurnal wave, like that of 
the 24 hour wave, is markedly different for particles arriving from 
the north and south directions as shown by the harmonic dial in 
Fig. 14. These results show quite clearly that the semi-diurnal 
variation observed at sea-level, at any rate, cannot be due to the 
atmospheric oscillations which should produce the same variation 
irrespective of direction. As was pointed out in the previous section 
this dependence on direction is apparently due to the non-isotropic 
primary distribution. 

3. The sidereal daily variation 

3.1 Galactic rotation and the cosmic ray intensity 

Evidence for a sidereal daily variation has been sought by 
many workers during the past 26 years but there is stiff no general 
agreement as to whether or not such an effect exists. It is true to 
say, however, that if it does exist it is of exceedingly small ampli¬ 
tude, certainly less than 0.1 % and probably not greater than 
0.03 % for the cosmic ray flux at sea-level. The existence or other¬ 
wise of a variation of this kind is of importance because of the 
information it oan yield about the origin of the radiation. 

The earliest attempts to establish a sidereal variation wero 
made with a view to relating the intensity to the distribution of 
stars in the galaxy, but the absence of any marked increase at 
the time of transit of the Milky Way ruled out any simple relation 
of this kind. Meanwhile Compton and Getting [1936], following 
a suggestion by Lowry, were able to show that if the radiation 
originates outside the galaxy, and is isotropic in inter-galactic 
space, a sidereal variation ought to be produced by the rotation 
of the galaxy. Because of this rotation the solar system is carried 
through space with a velocity of ~ 300 Km./sec. relative to the 
distant galaxies. The direction of motion is towards the constellation 
Cygnus at <5 = + 47°, a = 20 h. 40 m. As a result of this motion 
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the energy and intensity of the radiation should be greater on the 
side of the earth facing the direction of motion than on the opposite 
side. 

Vallarta, Graef and Kusaka [1939] have improved the 
original calculations of Compton and Getting by taking into 
account more rigorously the effect of the earth’s magnetic field. 
The effect of the field is to reduce the magnitude of the expected 
variation since the time of maximum intensity is a function of 
the momentum of the primaries and consequently, for an incident 
spectrum covering a wide range of momenta, the variation is to 
some extent smoothed out. Further, the time of maximum intensity, 
which would be at 20 h; 40 in. on an unmagnetized earth, is also 
changed. The results obtained by Vallarta et. ah for particles 
incident vertically at the geomagnetic equator are summarized 
in Table 2. 


TABLE 2 


Calculated phase and amplitude of sidereal variation due to Com/pton-Qetting 

effect 


Primary Radiation 

Sidereal Time 

Amplitude 

Composition 

Energy Spectrum 

of Maximium 

™ % 

Positive particles only . 

E~ 8 

1320 h 

0.17 


O-** 

1800 li 

0.24 

50 % Positive . . . . ^ 

lfl-» 

0840 h 

0.06 

50 % Nogative . . . S 

e-KB 

2040 h 

0.19 


3. 2 The separation of solar and sidereal daily variations 

Apart from the extreme smallness of the predicted effect the 
problem of the sidoreal variation is complicated by the presence 
of the solar daily variation. If the amplitude and phase of the 
solar variation wore constant over the year it would present no 
difficulty, since it could bo entirely eliminated by averaging the 
data for a complete year according to sidereal time. This can easily 
be seen in the following way. Suppose the data are divided into 
12 monthly groups, then the first harmonic of the mean solar 
variation will be the same for each group. If these harmonics are 
now plotted on a sidoreal harmonic dial they will be represented 
by 12 equally spaced points on a circle having its centre at the 
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origin of the dial as shown in Figure 15. The points are spaced 
at 2 hour intervals in a clockwise progression since a sidereal clock 
gains approximately 2 hours per month on a solar clock. It is 


00 hr 



12 hr ' 

Fig. 16 - Solar daily variation of constant amplitude plotted on a sidereal dial. 

clear that the resultant of the 12 vectors, whose end points are 
represented by the points on the dial, is zero. Exactly the same 
result would be obtained regardless of the length of interval chosen 
whioh could equally well be weekly or bi-monthly. Under these 
circumstances the presence of a true sidereal variation could bo 
established without difficulty provided the data extend over at 
least one complete year. 

If, however, the solar daily variation changes in amplitude over 
the year the points in Figure 15 will no longer be on a oircle and 
the resultant veotor will not in general be zero. This resultant 
vector will therefore simulate a true sidereal variation although it 
arises purely as a result of the variation in amplitude of the solar 
variation. It is known that the amplitude of the solar variation 
does vary over the year and it will therefore be clear from the 
above discussion that some caution must be exercised in analyzing 
data for the presence of a sidereal variation. This problem has 
been fully discussed by Thompson [1939], and he has suggested 
a method for separating a true sidereal variation from a solar 
variation which varies in amplitude over the year. The principles 
upon which the method depends are most easily shown by means 
of the harmonic dial. Consider first the solar daily variation; if this 




THE SIDEREAL DAILY VARIATION 


487 


is of constant amplitude and phase it can be represented by the 
vector C (Figure 16). If a sidereal variation of constant amplitude 



Fig. 16 - Harmonic dial showing combination of sidereal variation and a 
• solar variation which varios in amplitude over the year. 

and phase is also present it can be represented as a second veotor K 
whioh will rotate in an anti-clockwise direction about the tip of 
the vector C completing one revolution in a year. The resultant of 
these two vectors will therefore represent the observed apparent 
solar diurnal variation at any particular time. If we now suppose 
that the amplitude of the solar variation itself varies over the 
year this variation will be represented by a periodic variation in 
the longth of the vector C. When this variation is combined with 
the Ridoreal vector K, the tip of the resultant vector will now 
describe an ellipse as shown in the diagram. Consequently if the 
experimental data are divided into monthly groups, for instance, 
and those groups aro subjected to harmonic analysis, the first 
harmonics when plotted on a harmonic dial should fall in chrono¬ 
logical sequence on an ollipso if a true sidereal variation is present. 

This method of analysis has boon applied by Thompson - to 
Compton - and Turner's data [19117] and by Forbttsh [1937a] to 
ionization chamber data for Cheltenham and Huancayo. No 
sidereal variation in excess of the experimental errors was found 
for either of the two sets of data. More recently Duperibr [1946] 
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has used this method to analyze vertical counter coincidence data 
in London, extending over a period of three years. The data 
were divided into bi-monthly groups and corrected for pressure 
and decay temperature effects. The first harmonics were then 
found for each group and when these were plotted on a harmonic 
dial the points were found to lie on an ellipse. Prom these results 
Duperier concluded that there was a sidereal variation super¬ 
imposed on the solar variation. The sidereal wave had an amplitude 
of 0.21 % with a maximum at 21 hr. 

3. 3 Recent experimental results 

Hogg [1950] has analyzed five years, ionization chamber data 
for Canberra using the Thompson method. The data were corrected 
for pressure and temperature and divided into monthly groups 
and the first harmonic was calculated for each group. The values 
obtained were smoothed by averaging the result for each month 
with that for the preceding and succeeding months. When plotted 
on a harmonic dial the smoothed monthly points showed a cyclic 
arrangement about the mean for the year similar to that found 
by Duperier. The sidereal variation found by Hogg, as a result 
of this analysis, differs from that found by Duperier, however, 
in that the amplitude is 0.05 ± .02 % and the time of maximum 
0936 h. ± 42 m. If the data are corrected for pressure only slightly 
different values are obtained, the amplitude being 0.04 ± 0.02 % 
and the time of maximum 0800 h. ± 42 min. These figures were 
compared with the results of a similar analysis of the ionization 
chamber data for Cheltenham, Christchurch and Huancayo. The 
results as summarized by Hogg are shown in Table 3. (B) indicates 
the the data have been corrected for pressure only and (B.T) that 


TABLE 3 

Apparent sidereal variation 


Station 

Ampl. % 

Time of Max. (LST) 

London (B.T) . . 

0.21 ± 0.02 

2100 h 

Cheltenham (B) . 

0.03 

2200 h 

Huancayo (B) . . 

0.04 ± 0.008 

0300 ± 6 m. 

Canberra (B.T.) . 

0.05 ± 0.02 

0936 ± 42 m. 

Canberra (B) . . 

0.04 ± 0.02 

0800 ± 42 m. 

Christchurch (B) . 

0.04 

0806 h 
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they have been corrected for both pressure and temperature. 
It will be seen from the table that each set of data shows a sidereal 
variation of approximately the same amplitude except for London 
which is very much greater than the rest. The phase, however, 
shows considerable variation from station to station. In particular 
the times of maximum for the two stations in the Northern Hemis¬ 
phere differ by ^ 12 hours from those for the Southern Hemisphere. 
These features lead Hogg to conclude that these results cannot 
represent a true sidereal variation and that they are due to some 
solar effect. 

In the above discussion it has been assumed that the amplitude 
of the solar variation changes with season but the phase remains 
constant. Given titygge conditions the Thompson method of analysis 
should enable an ip&mbiguous separation of the solar and sidereal 
variations to be made. If however, both the amplitude and phase 
of the solar vector vary over the year, the solar and sidereal effects 
cannot be separated by this means. A variation in phase could 
arise in the following manner. Suppose the solar variation is due 
to at least two distinct causes, both of solar origin, as seems likely 
in view of the results given in § 2. 2. The observed variation is 
then given by the resultant r of the two vectors a and b which 
represent the variations due to the two different causes. If the 
amplitudes of a and b vary with season then although the phases 
of these components are constant the resultant r will in general 
vary in both phase and amplitude. 

It is still possible however to separate the solar and sidereal 
effeots under these circumstances provided observations are 
available from two stations at the same latitude, one in the 
southern hemisphere and one in the north. Provided the meteoro¬ 
logical conditions are similar, any seasonal variations in amplitude 
or phase at tho two stations will be Hix months out of phase. Conse¬ 
quently if the (lata from the two stations are combined any seasonal 
variation in the solar vector which is due to purely solar causes 
will bo cancelled out and any remaining changes in amplitude and 
phase should bo duo to the presence of a true sidereal effeot. It 
should bo pointed out that a variation in the solar wave due 
to tho annual change in the sun-earth distance would not be removed 
by this means, hut since any effect of this kind is likely to be very 
small it can be neglected at any rate to a first approximation. 
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A second method of approach to the problem consists in using 
data from a station situated close to the equator where seasonal 
changes in the solar variation are likely to be small and therefore 
unlikely to produce a spurious sidereal variation of any appreciable 
magnitude. 

On the basis of these considerations the ionization chamber 
data for Christchurch, Cheltenham and Huancayo has been 
examined for evidence of a sidereal variation by Elliot and 
Dolbeab [1961]. The data for Christchurch (Lat. 43.5° S) and 
Cheltenham (Lat. 38.7° N) have been combined and the average 
apparent solar variation found for bi-monthly groups of data. 
The data for Huancayo which is fairly close to the equator (12° S) 
have also been divided into bi-monthly groirps and the first 
harmonics evaluated for each group. The da*^ used were those 
published by Lange and Fobjbttsh [1948], and they comprised 
6 complete years of observations for Christchurch and Cheltenham 
and 9 years for Huancayo. The results are shown on a harmonic 
dial in Figure 17 where the points marked (1) correspond to the 


OOhr 



Fig. 17 - Solar time dial showing cyclic arrangement of bi-monthly means 
of the daily variation at Christchuroh/Cheltenham (2?) and Huancayo ( 0 ). 

average for January and February those marked (2) to the average 
for March and April and so on. It will be seen that for both sets 
of data the end point of the solar vector shows a progressive anti- 
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clockwise motion about the mean which is to be expected if there 
is a superimposed sidereal variation. The mean solar vector was 
then subtracted from the bi-monthly vectors shown in Figure 17 
and the residual vectors were transferred to a sidereal dial shown 
in Figure 18. The mean sidereal variations also are shown together 



1£hr 


Fig. 18 - Sidereal time dial showing the moan daily variation for Manchester 
{A) Christchurch/Cheltenham (B) and Hutinoayo (O). Bi-monthly means 
aro shown as » for Christchuroh/Cheltonharn and as • for Huancayo. 

with their appropriate standard deviation circles. Also shown 
on the dial is a point obtained by averaging the directional counter 
coincidence data for Manchester (see § 3. 2) according to sidereal 
time. With the arrangement usod in Manchester it was possible to 
separate effects due to changes in atmosphere temperature and 
pressure from thoso produced by a non-isotropic primary flux by 
subtracting tho daily variation for the north direction from that 
for the south. Consequently any seasonal changes in amplitude 
of the solar variation which arise from atmospheric effects could 
bo eliminated. Tho Manchester point is in fair agreement with 
the other two and the agreement between the three results gives 
good grounds for believing that there is a sidereal variation of 
0.02 % with a time of maximum at about 0500 h. L.S.T. 
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It is worthy of note that the phase of the variation at Huancayo 
is almost opposite to that expected from the Compton and Getting 
effect as calculated by Vallarta, Graef and Kusaka for positive 
primary particles and assuming that the primary spectrum follows 
on inverse cube law (see Table 3). This result implies, therefore, 
that there is either no Compton-Getting effect or that it is masked 
by something else. If we accept the former alternative as the most 
likely, it follows that the cosmic radiation must, to a large extent, 
originate within our own galaxy. 

4. Variations associated with geomagnetic and solar 

ACTIVITY 

4.1 Magnetic storms and the cosmic ray intensity 

The discovery of the geomagnetic latitude effect by Clay and 
its confirmation by Compton and his collaborators led to the 
general acceptance of the belief that the primary cosmic rays are 
charged particles. Since the latitude measurements showed that 
the intensity was to some extent controlled by the geomagnetic 
field it was natural that investigators should also look for variations 
in the intensity associated with the time variations of the earth’s 
field. Thus Messersohmidt [1933] found a decrease of ~ l % 
during a magnetic storm and Stbinmaurer and Graziadei [1933] 
found an average decrease of 0.3 % for 17 magnetio storms. 

The first indication of a world-wide change in co smi c ray in¬ 
tensity at the time of a magnetic storm came in 1937 when Forbush 
published results from Cheltenham and Huancayo and Hess and 
Demmelmair for the Hafelekar. A decrease in the intensity of 
about 4 % occurred at each of these widely separated stations 
at the time of the great magnetic storm which began on the 24th 
April, 1937. 

Figure 19 shows a similar occurrence reported by Forbush 
[1938b] for a storm beginning on January 16, 1938 when the 
cosmic ray intensity decreased by some 6 % and there appears 
to be quite a good correlation between the changes in H (the 
horizontal intensity of the earth’s field) and those of the cosmic 
ray intensity. Figure 20, however, shows another magnetic storm 
of comparable magnitude which began on August 22nd, 1937 and 
which is not accompanied by any significant change in cosmic ray 
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Fig. 19 - Cosmic ray intensity and the magnotics storm of January 16,1933- 

intensity at Huancayo or Cheltenham, although Hogg [1941] 
claims that a small change occurred at Canberra and Teoloyucan. 
It is clear that the changes in cosmic ray intensity cannot be 
directly interpreted in terms of the changes in the magnetic moment 
of the earth because of this marked difference in the effects of two 
storms of similar magnitude. 

Hogg [ 1949 ] has shown that the changes in intensity associated 
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with magnetic storms are invariably decreases and that the course 
of the disturbance is broadly simil ar to the storm time variation 
for E. That is to say, the initial decrease in the intensity is faiTly 



Fig. 20 - Cosmic ray intensity and the magnetic storm of August. 21st 1937. 


sudden, followed hy a rather slow recovery to normal which may 
take many days. He also concludes that the sharp decrease in 
intensity is delayed by a few hours relative to the onset of the 
magnetic storm. It is difficult to be quite certain about this since 
small changes in the intensity may he masked by statistical 
fluctuations, it seems true to say, however, that the largest changes 
in the cosmic ray intensity are often delayed relative to the cor¬ 
respondingly large changes in H. This can be dearly seen in Figure 
21 which shows the variation in cosmic ray intensity in Manchester 
during the great magnetic storm which began on July 26th, 1946 
(Doesbab and Elliot [1947]). It is evident that for this storm 
there is no detailed correspondence between the behaviour of FI 
and the cosmic ray intensity. The increase in intensity on July 
26th was associated with, a solar flare and will be discussed in § 4.3. 

Chapman [1937] has suggested that decreases of cosmio ray 
intensity cam he explained on the basis of a ring current of the kind 
postulated by Chapman and Ferraro in their theory of magnetic 
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storms. According to this theory, the magnetic storm is due to 
the arrival in the neighbourhood of the earth of a stream of charged 
particles (electrons and positive calcium ions) which have been 
emitted from the sun. On entering the earth’s magnetic field this 
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Fig. 21 - Variation in cosmic ray intensity at Manchester at the time ,of the 
solar flare of July 25th and the magnetic* storm of July 26th 1940. 


stream, which is neutral as a whole, haw currents induced in it 
and these currents are supposed to produce the short lived initial 
increase in H which generally precedes the main phase of the 
storm, during which H decreases below its normal value. This 
decrease in 11 during the main phase is ascribed to a ring current 
which is formed from the ionized stream due to the electrons and 
calcium ions moving round the earth in opposite directions and 
with different velocities. The radius of the ring is a few earth radii 
and the magnetic field of the ring current is opposed to that of 
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the earth in the region between the ring and the earth and thus 
produces the observed decrease in H at the surface of the earth. 
Outside the ring the earth’s field is reinforced by the field due to 
the ring current. According to Chapman this increase in the field 
outside the ring deflects away some of the low energy primary 
cosmic rays so producing the observed deorease in intensity. 

Fobbttsh [1938] has calculated the radii and current intensities 
of the ring currents for several occasions on which he observed 
decreases in the cosmic ray intensity associated with magnetic 
storms. He concluded that if the radii lay between 2 and 16 earth 
radii it is possible to account for the observed changes including 
those magnetic storms which are not accompanied by any appreci¬ 
able change in cosmic ray intensity. These occasions would cor¬ 
respond to ring currents of relatively low intensity flowing close 
to the earth. This configuration produces a relatively small change 
in magnetic moment compared with the change in H and there¬ 
fore results in only a small change in the cosmic ray intensity 
although the observed change in H may be quite large. 

Johnson [1938] has considered the case of a ring current flowing 
near the earth and has concluded that the magnetic moment of 
such a current is too small by a factor of 100 to account for the 
observed changes in cosmic ray intensity. He shows that if the 
radius of the ring current is very much greater than the radius 
of the earth this is certainly more favourable from the point of 
view of obtaining a large change in magnetic moment for a small 
change in H but it also has the result of producing a- greater volume 
where H is decreased within the ring and where the incoming 
particles will be most deflected. Consequently if the radius of the 
ring is made too large the current will produce an increase rather 
than a deorease in intensity. This is borne out by the calculations 
of Hayakawa et al. [I960]. They show that the change in cosmic 
ray intensity produced by the ring current may be either positive 
or negative depending on whether the radius of the ring is assumed 
to be greater or smaller than 1.3 earth radii. This calculation was 
carried out for primary particles having momenta of 16 BeV/c 
and assuming a ring current of sufficient strength to produce a 
change of 100 gammas in the horizontal intensity. 

These calculations by Johnson and by Hayakawa et al. throw 
some doubt on Chapman’s interpretation of the effect in terms of 
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a ring current and indicate that some other factor will probably 
have to be taken into account. Alfv^n [1946 and 1949] has 
suggested that the decrease in intensity is due to the electric field 
which arises as a result of the motion of the corpuscular stream 
through the solar magnetic field. This electric field has already 
been mentioned briefly in § 2. 3 in relation to the solar daily 
variation. In order to account for changes of up to 10 % in the 
intensity, potential differences of the order 10 9 volts are required 
and this implies the existence of magnetic fields in interplanetary 
space which are considerably greater than that which could be 
produced by the solar dipole alone (Alfven [1949]). Riohtmeyer 
and Teller [1949] have also argued in favour of the existence of 
these magnetic fields 10~ 5 gauss), which they suggest are 
responsible for confining the cosmic radiation to a comparatively 
small region round the sun of dimensions of the order 0.1 light 
years. 

If electric fields of the magnitude envisaged by Alfv6n do in 
fact exist, it would seem reasonable to expect large increases in 
the intensity to be produced sometimes during magnetic disturban¬ 
ces. However, decreases only are observed at these times, and 
although largo increases do sometimes occur at the time of solar 
flares, as will be seen in § 4. 3, these two effects appear to be of 
quite different origin. 

Whatever the mechanism for producing these large changes in 
intensity may turn out to be, it seems certain that it must have 
an important bearing on our understanding of magnetic storms 
and the aurora, and any theory of magnetic storms should bo 
capable of accounting for these changes in cosmic ray intensity if 
it is to bo entirely satisfactory. 

4.2 The 27-day recurrence tendency 

It is no wwell known, (Cierm [1913] and Chubb and Stagg [1928]), 
that magnetic disturbances of moderate intensity have a tendency 
to recur at intervals of 27 days corresponding to the period of 
rotation of the sun. Tt is also known that the cosmic ray intensity is 
to some degree associated with magnetic activity and this has led 
to a search for recurrence phenomena in the intensity records. The 
method of analysis which has been used is similar to that originally 
developed by (three for his investigation of magnetic disturbances. 


32 
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The procedure is as follows. The daily mean values of the intensity 
are first corrected to a constant barometric pressure, and the five 
days in each month on which the intensity is highest are then 
selected and the intensity on these days is written down in a 
vertical column numbered 0. The values of the intensity for the 
days following these selected zero days are then written down in 
sequence to the right of column 0 and are given the day numbers 
N = 1 , 2, 3, etc. The data for the days preceding the zero day are 
tabulated in the same way to the left of column 0 and are given 
the day numbers N = — 1, — 2, — 3, etc. The average value 
of the intensity is then found for each column and this is plotted 
on a graph against the corresponding day number N. A similar 
procedure is then followed for the five days in each month on 
which the intensity is lowest. 

An analysis of this kind has been carried out by Monk and 
Compton [1939] for ionization chamber data from Teoloyucan, 
Mexico. The chamber was shielded by 10 cm. lead and the records 
extended from April 1937 to October 1938. The results are shown 
separately for positive and negative day numbers in Figures 22A 
and 22B together with the differences obtained by subtracting 
the ordinates for days of low intensity from those of high intensity. 
Figure 23 shows the final results obtained by folding the difference 
curves for the preceding days (N < 0) on to the succeeding portion 
of the curve (N > 0). These diagrams show quite clearly that there 
is a tendency for days of high or low cosmic ray intensity to recur 
at intervals of between 27 and 28 days. Similar results have been 
obtained by Broxon [1941] for data from Boulder and by Hogg 
[1949] for Canberra. 

Whilst the recurrence interval for cosmic ray intensity appears 
to be the same as that found by Chree and Stagg for geomagnetic 
activity the phenomena differ in two respects: 

(a) The curves for the geomagnetic data consist of rather sharp 
peaks with flat portions between them as shown in Figure 24, 
whereas the cosmic ray intensity shows an almost sirmpmdal 
variation. 

(b) The amplitudes of the peaks in geomagnetic activity decrease 
quite rapidly, each peak being about half the size of its pre¬ 
decessor. The cosmic ray pulses, on the other hand, persist with 
substantially the same amplitude over at least four intervals. 
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It should bo pointed out that Chre© and Stagg in their analysis 
used daily magnetic character figures which are not a measure of 
any particular magnetic element but indicate the degree of disturb- 




Fig. 22 - 27-day recurrence tendency for days of “high and low cosmic ray 
intensity, (A) (lays following the zero (lay (13) days preceding the zero day. 
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ance. They interpreted the decreasing amplitude of their pulses 
as being due to a decrease in probability of recurrence the greater 
the number of intervals considered rather than to a decrease in 
amplitude of the disturbance itself. That is to say the life of the 



Fig. 23 - Combined difference pulses from Fig. 22A and 22B reversed. 

disturbing influence is not as a rule greater than 108 days and is 
in general less than this. On this basis the results given above would 
indicate that the life of the disturbing influence on cosmic ray 
intensity is long compared with 84 days since there is no appreciable 
decrease in pulse amplitude over this period. An alternative ex¬ 
planation is that the effect is a truly periodic variation rather 
than a recurrence phenomenon. 

Vallabta and Godart [1939] have pointed out that if the 
sun’s magnetic dipole does not coincide with the solar axis of 
rotation this should produce a 27 day periodicity in the cosmic ray 
intensity, since the heliomagnetic latitude of the earth will change 
with a period of 27 days. Assuming a value of 10 34 gauss cm 3 for 
the magnetic moment of the sun, they estimate an amplitude for 
this variation of 0.2 % at geomagnetic latitude 40° and 0.4 % at 
geomagnetic latitude 50°. 

A truly periodic variation of this kind, as opposed to the recur- 
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rence tendency discussed above, has been the subject of a number 
of investigations. Hass [1936] from an analysis of the ionization 
chamber data for the Hafelekar found a 27 day periodicity with 
an amplitude of 0.3 %. Kolhorster [1939] found a variation 



Fig. 24 - The 27-day recurrence tendency in geomagnetic activity. 

with an amplitude of 0.5 % and having a maximum on the 25th 
day of the rotation according to the Bartels [1939] numbering 
system. Wafflee [1941] and Broxon [1942] have found variations 
with an amplitude of 0.4 % and 0.2 % respectively. The times of 
maximum corresponded to the 4th and 5th days of the Bartels’ 
rotation. Cueri and Steinmaurwr [1947] have analysed the 
Hafelekar results using tho data for 30 complete solar rotations 
between Nos. 1410—1488. They found a variation having an 
amplitude of ~ 0.1 % with a time of maximum on the 3rd day of 
the rotation. Those results all show a certain consistency in that 
tho amplitudes in each ease lie within the range 0.1 % to 0.5 % 
and the times of maximum are within a few days of each other, 
i.e. on day numbers — 2, + 4, -1- 5 and 4- 3 of the rotation. 

Hogg [1949] also finds somo evidence for a 27 day wave in the 
Canberra data when those are averaged according to solar rotations. 
A more rigorous treatment, however, using a harmonic dial on 
which are plotted the first harmonics of the variation for each 
individual rotation, fails to confirm the existence of this 27-day 
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wave. The very extensive data used by Hogg in this analysis 
covered a total of 66 solar rotations (1402—1467). Fobbush and 
Lange [1949] have analyzed some ten years of ionization chamber 
data and they also find no evidence for a persistent 27-day wave. 

In view of the present evidence the existence of a true 27-day 
periodicity must be regarded as uncertain but there is no doubt 
that the intensity does show a 27-day recurrence tendency. This 
recurrence tendency differs in some respects from that for magnetic 
disturbances and these differences may be taken as a further 
indication that whilst there is a relationship between cosmic ray 
disturbances and geomagnetic activity the two.are not directly 
connected. 

4. 3 Increases of intensity associated with solar flares 

Between February 28 and March 7, 1942 a remarkable series 
of changes in the cosmic ray intensity were observed simultan¬ 
eously at a number of widely separated points on the earth. Figure 
26 shows these intensity variations as given by Lange and Fobbush 
[1942] for Godhavn (Greenland), Cheltenham (U.S.A.), Christ¬ 
church (New Zealand), Teoloyucan (Mexico) and Huancayo (Peru). 
Similar results have also been published by Dupbbibb [1945] for 
London, Ehmebt [1948] for Friedrichshafen, Clay [1949] for 
Amsterdam and by Bebby and Hess [1942] for Norfolk (U.S.A.). 

It will be seen from Figure 25 that a sudden increase in the 
intensity occurred at 1400 h. TJ.T. on the 28th February which was 
observed at Godhavn, Cheltenham and Christchurch but not at 
Teoloyucan or at Huancayo. The increase did not occur at 
Friedrichshafen or Amsterdam, and in London it amounted to 
less than 1 %. 

The increase lasted for a few hours only and was followed on 
the 1st March by a large decrease of between 8 and 10 % which 
was observed at all the stations listed above without exception. 
Following this sharp decrease the intensity recovered slowly towards 
its normal value over the next five or six days until March 7th 
when another increase in intensity occurred at all the stations 
except Huancayo (no record is given for Teoloyucan). The magni¬ 
tude of this increase varied from 6 % at Christchurch to 30 % 
at Friedrichshafen maximum intensity being reached at about 
0600 h. U.T. 
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These changes in intensity were associated with an unusually 
high degree of solar activity and a great geomagnetic storm 



AND MARCH 1942 

Fig. 25 - World wide changes in cosmic ray intensity associated with solar and 

magnetic activity. 
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(Newton [1942]). At this time there was a large group of spots 
on the sun which, according to the Mount Wilson solar and magnetio 
data, had a maximum area of 2000 millionths of the sun’s hemis¬ 
phere. The two largest umbrae in the group had opposite magnetio 
polarities and had a maximum field of about 4800 gauss. At 
approximately 1200 h. U.T. on the 28th February there occurred 
a sudden radio fade-out of the kind usually associated with the 
presence of a solar flare and at about 1240 h. the flare was observed 
visually in the neighbourhood of the sunspot group which was 
then about 6 hours prior to transit across the central meridian of 
the sun at latitude 14° N. This flare was last seen at 1525 h. and 
it therefore lasted for about 3£ hours. As often happens when an 
intense flare occurs near the centre of the sun’s disc, about a day 
later, at 0727 h. on March 1st, a geomagnetic storm began. The 
change in H amounted to ~ 512 gammas and was accompanied 
by the decrease in cosmic ray intensity. This is clearly a further 
example of the effect discussed in § 4. 1. 

The increase on March 7th seems to have been associated with 
a radio fade-out which occurred at 0407 h. U.T. on that day, and 
it seems likely that this was due to a solar flare which was not 
observed visually. There is no evidence of either a magnetic storm 
or any further deorease in cosmic ray intensity following this 
fade-out. It is worthy of note that the increase on March 7th was 
observed at all the stations mentioned above with the exception 
of Huancayo. (No record is available for Teoloyucan). 

No further increase in intensity of this kind occurred until 1946. 
On July 25th of that year an intense flare appeared over the large 
bi-polar sunspot group which was then about 15° E of the central 
meridian. This flare was observed at Mt. Wilson and also at Edin¬ 
burgh by Ellison [1946]. It was first seen by Ellison at 1620 h. 
when the line width of H a was observed to be about 6.5 A. There 
then followed a sudden burst of radiation which reached its 
maximum intensity at 1627 h., the line width at that time being 
at least 15 A. This burst lasted only two or three minutes and 
was followed by a slow decay until at 1820 h. only a few traces 
remained. This flare was followed by a magnetic storm which 
began at 1846 h. on July 26th. The cosmic ray intensity recorded 
in Manchester during this period is shown in Figure 21. It will be 
seen that a sudden increase of about 13 % occurred shortly after 
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the flare. It is difficult to give a precise estimate of the time at 
which the increase began, because of statistical fluctuations, but 
there appears to have been a delay of about 40 minutes between 
the beginning of the flare and the increase in cosmic ray intensity. 



Fig. 26 - Variation in neutron intensity in Manchester at tho time of the 
solar flare of November 19, 1949. 

The peak cosmic ray intensity was not reached until about 1 \ hours 
after the flare reached its maximum intensity. A decrease of 
about 8 % occurred at tho time of magnetic storm which followed 
on the 26th. The changes in intensity on July 25th and 26th were 
also observed at several other stations 2 . 

November 19th 1949 was the next, and, at the time of writing, 
most recent occasion on which a large increase was observed. 
A radio fade-out began on that day at 1030 h. U.T. and a solar 
flare was observed at this time in Edinburgh by Ellison and 
Conway [1950]. The flare began at 1029 h., reached its peak 
intensity at 1032 h. and then slowly decayed until 1209 h. when all 

2 So© for example Fobbush, Phys. Rev. 1946, 70, 771; Clay, Proc. 
K. Ned. Akad. v. Wet., 1949, 52, 899. 
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visible radiation ceased. The maximum line width of H a on thin 
occasion was 22.9 A, the greatest so far recorded. The flare appeared 
over a sunspot group at heliographic longitude 70° W and latitude 
2° S. 

Forbush, Stdtohoomb and Schein [1950] reported an increase 
in cosmic ray intensity at this time amounting to 30 % at Godhavn 
and 40 % at Cheltenham, whilst at Climax, Colorado (altitude 
3,500 m.) the intensity increased by 180 %. The increase at Climax 
began at 1045 h. U.T. and maximum intensity was reached between 
1046 h. and 1100 h. As on the three previous occasions, no increase 
was observed at Huancayo. From a comparison of the magnitude 
of the increase at Climax with that at Cheltenham these authors 
deduced an absorption coefficient of 1/137 gm -1 cm 2 for the particles 
responsible for the increase. In view of this they concluded that 
the increase must be due to nucleons rather than mesons which 
would be absorbed much more slowly. 

Observations were also made at this time at Resolute (Lat. 
75 N, Long. 95° W) and at Ottawa, using similar counter arrays 
(Rosa [1950]). In Ottawa the intensity increased by 70 % be¬ 
ginning at 1048 h. U.T. and reaching its maximum at 1054 h. 
At Resolute (geomagnetic latitude 83° N) the increase amounted 
to only 12 to 15 %, the maximum being reached at 1154 h. U.T. 
which is about 50 minutes later than at Ottawa. 

An increase of about 11 % was observed in Manchester at this 
time with an unshielded threefold counter coincidence set. This 
increase, like that recorded at Resolute, was therefore substantially 
smaller than that observed at Godhavn, Ottawa and the American 
stations. Furthermore, the time of maximum was about 1130 h. 
U.T., which again, as at Resolute, was later than that for the 
other stations mentioned above. Increases ranging between 10 
and 20 % were also observed at four stations in Germany 
(Dieminger et til. [I960]), and here again the increase appears 
to have begun shortly before 1100 h., maximum intensity being 
reached at approximately 1130 h. Dauvxllibr [1949] reported an 
increase of 3.6 % at Bagnferes which began at 1130 h. and reached 
its maximum at 1200 h. U.T. It is clear from these results that 
there was a delay of approximately half an hour between the 
times of maximum intensity at Climax and Ottawa on the one 
hand and Resolute and the European stations on the other. In 
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addition tho magnitude of the increase observed in Europe and 
at Resolute was markedly smaller than that observed at Ottawa, 
Godhavn and the American stations. 

A neutron intensity recorder which was in operation in Man¬ 
chester at this time showed that the intensity of the neutron 
component increased to about six times its normal value (Adams 
[1950]). This recorder consisted of two counters, filled with boron 
trifluoride, operating in the proportional region and placed near 
the centre of a graphite “pile”. It detected neutrons with an incident 
energy of up to about 10 MeV. Tho variation in neutron intensity 
observed at this time is shown in Figure 26 and it will be seen that 
the maximum rate occurred during the period 1100—1200 U.T. 
after which the intensity fell gradually to its normal value in 
about 12 hours. In discussing these results Adams and Braddiok 
[1950] point out that the most interesting feature of these obser¬ 
vations is the very large increase in neutron intensity relative 
to the ionizing component which increased by only 11 % in Man¬ 
chester. Whilst fast neutrons from the sun could reach the earth 
without suffering too great a loss duo to decay, it is clear that 
the increase cannot have beon duo to primary neutrons from the 
sun since it persists aftor sunset. It seems likely that the neutrons 
are produced in the atmosphere by charged primaries, and Adams 
and Braddick have pointed out that if tho charged primaries 
are protons with momenta botween 2 and 5 BeV/c, any mesons 
which they produce will bo of rather low energy and therefore 
rapidly absorbed in the atmosphere. Secondary neutrons, on the 
other hand, are absorbed exponentially and some of them will 
therefore reach sea-level. Consequently, it is to be expected that 
an increase in the primary proton intensity in this momentum 
range would produce a largo increase in tho neutron intensity 
rolativo to tho ionizing intensity at soa-lovel. This assumption 
of low momentum primaries fits in with tho absence of any increase 
at Huancayo on the magnetic equator whore tho threshold momen¬ 
tum is about 10 BeV/c. 

In addition to the four occasions discussed above, when in¬ 
creases were observed at widely separated points, some observers 
have reported comparatively large numbers of these occurrences. 
For instance Ehmkrt [1948] in Germany observed many such 
increases in the period 1941—’43, and Clay [1949] has also observed 
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many. Both of these workers find that a substantial proportion 
of the increases were associated with solar flares. 

Lord, Elston and Schein [1950] have reported an increase 
in the frequency of star production which may have been associated 
with a solar flare. The increase was observed as a result of a balloon 
flight which took place between 1840 h. and 2330 h. U.T. on May 
11th, 1949, about 24 hours after the occurrence of an int ern pa flare. 
The number of stars in the photographio plates with 3 to 8 prongs 
was 50 % above normal.. No change in the ionizing component at 
sea-level has been reported at this time and none was observed 
at Boulder, Colorado at an altitude of 5,400 ft. (Broxon and 
Boehmrr [I960]). 

Before discussing the interpretation of these increases it is 
convenient to summarize their most important characteristics 
which are as follows: 

(a) Increases in intensity which are observed simultaneously at 
widely separated points on the earth are of rather infrequent 
occurrence. Only four such increases have been observed in 
the past fifteen years. 

(b) The increases are associated with exceptionally intense solar 
flares and there is a delay of approximately an hour between 
maximum flare intensity and maximum cosmic ray intensity. 

(o) On neither of the four occasions has any appreciable inorease 
in intensity been observed at Huancayo near the geomagnetic 
equator. This indicates that the primary particles responsible 
for the increase have momenta less than 10 BeV/c. 

(d) On any particular occasion the magnitude of the effect differs 
for stations at different longitudes. 

(e) The magnitude of the effect increases rapidly with height 
above sea-level. 

(f) On the one occasion for which observations are available, 
the neutron intensity increased very much more than did 
the ionizing component. 

These large increases in intensity are of particular interest 
since they clearly represent occasions on which particles can acquire 
energies of up to about 5 BeV somewhere on or in the neigh¬ 
bourhood of the sun. The interpretation of this effect must therefore 
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have an important bearing on any theory of the origin of the 
cosmic radiation. Several mechanisms have been suggested whereby 
charged particles might be accelerated to these energies, and they 
are discussed very briefly below. 

Alfv£n [1946 and 1949] has suggested that the particles are 
accelerated in the electric fields associated with solar corpuscular 
streams which are polarized as a result of their motion through 
the solar magnetic field. This mechanism depends on the existence 
of a permanent solar magnetic field and has already been mentioned 
in § 2. 3 in relation to the daily variation. 

Ehmert [1948] has pointed out that the particles may be 
accelerated by the betatron action of the changing magnetic 
field of a growing sunspot. The possibility of particles being 
accelerated to cosmic ray energies in this way was first suggested 
by Swann [1933]. Bagcb and Bibrmann [1948] haye also suggested 
that the particles may be accelerated in the magnetio fields of 
sunspots. They suppose the acceleration to be due to the electric 
fiftlr) produced by the relative motion of two spots rather than to 
changes in the intensity of the fields themselves. 

Menzel and Salisbury [1948] have suggested that low 
frequency electromagnetic waves may be produced as a result of 
fluctuations in sunspot magnetic fields brought about by turbulence 
in the solar atmosphere. This radiation is supposed to have fre¬ 
quencies in the region 1000 to 0.01 cycles/second and to be 
propagated outwards from the sun. Charged particles are then 
supposed to be accelerated by the electric fields of these waves. 
This mechanism has been examined in some detail by McMillan 
[1950], and he concludes, however, that because of the high con¬ 
ductivity such waves could not bo propagated in inter-planetary 
space although they might exist in a very limited region at the 
edge of the solar corona. 

For bush, Gill and Yallarta [1949] have pointed out that if 
the sun has a general magnetio field of 25 gauss, particles of 
momentum less than 10 BoY/c cannot escape from the surface of 
the sun except at high latitudes. However, the flares and sunspots 
associated with the increases in intensity which have been recorded 
did in fact occur quite close to the equator. In order to explain the 
emission of particles of this energy from the equatorial region of 
the sun, they suggest that the magnetic field of a bi-polar sunspot 
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group may produce a “tunnel” by means of which comparatively 
low energy particles can escape through the general solar field. 
The existence of this tunnel depends on the relative strengths 
and orientations of the general dipole field and the sunspot field. 
These rather special requirements might account for the compara¬ 
tive rarity of the phenomenon. 

Kiepbnheubb [1950] has criticised the above suggestions on the 
grounds that the conductivity close to the surface of the sun is 
too high for any strong electric fields to exist in the neighbourhood 
of sunspots, and he favours the view that the eleotrio field is 
produced well outside the solar atmosphere where the conductivity 
is much lower. The field is produced in the following way. A 
corpuscular stream emitted from the neighbourhood of a bi-polar 
sunspot group at the time of a flare will have currents induced in 
it such as to maintain the magnetic field inside the stream at its 
original value. Because of the high conductivity, these currents, 
once set up, will persist for a long time and the stream can be 
regarded as being “magnetized”. According to Kiepenheuer this 
magnetized beam will be surrounded by a thin sheet of ahialding 
current formed by ionized interplanetary matter and he estimates 
that the induced potential difference which causes this current to 
flow should be of the order 10 10 — 10 n volts. He interprets the 
observed delay of about an hour between the maxima for the 
flare and cosmic ray intensities as being due to the time of formation 
and travel of the stream from the chromosphere to the outer 
regions of the corona where the conductivity is comparatively 
low and the particles can acquire high energies. 

The observational data are at present so limited that they offer 
little guidance as to which, if any, of these suggestions is likely 
to be correct but whatever the final interpretation may be, there 
can be little doubt that it will be of importance for the inter¬ 
pretation also of the more general problems of the origin of cosmic 
radiation. 
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Geographic and geomagnetic co-ordinates of cosmic ray intensity 
recording stations. (Heights above sea-ievel are only given when 
stations are at altitudes greater than 500 m.) 


Station 

Geographic 

Latitude 

Geographic 

Longitude 

Geomagn. 

Latitude 

Height above 
Sea level (m.) 

Amsterdam . . . 

52° N 

5° E 

54° N 


Bagn&res .... 

43° N 

0 

40° N 

550 

Boulder. 

40° N 

105'W 

49° N 

1000 

Canberra .... 

35° S 

149 u E 

45° S 

800 

Cheltenham . . . 

39° N 

77”W 

50° N 


Christchurch. . . 

43° 8 

173° E 

49° S 


Climax. 

39° N 

106 u W 

48° N 

3500 

Friedrichshafen. . 

47° N 

9° E 

49° N 


Godhavn .... 

69° N 

53° W 

80° N 


Hafelokar .... 

47° N 

11° E 

48° N 

2300 

Huancayo .... 

12° S 

75° W 

1° S 

3350 

London . 

51° N 

0 

54° N 


Manchester . . , 

53° N 

2°W 

57° N 


Ottawa. 

45° N 

76° W 

56° N 


Resolute. 

75° N 

95° W 

83° N 


Stockholm .... 

' 59° N 

18° E 

58° N 


Teoloyucan. . . . 

19 u N 

99° W 

30° N 

2285 

Tokyo. 

36° N 

140 U e 

25° N 
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